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Foreword 





This quarterly review of reactor development has been prepared at the request of the 
Division of Technical Information of the U. S. Atomic Energy Commission. Its purpose 
is to assist interested organizations in the task of keeping abreast of new results in 
reactor technology for civilian application. 

Power Reactor Technology contains reviews of selected recently published reports 
that are judged noteworthy, in the fields of power-reactor research and development, 
power-reactor applications, design practice, and operating experience. It is not meant 
to be a comprehensive abstract of all material published during the quarter, nor is it 
meant to be a treatise on any part of the subject. However, related articles are often 
treated together to yield reviews having some breadth of scope, and from time to time 
background material is added to place recent developments in perspective. 

The intention is to cover the various areas of reactor development from the general 
viewpoint of the reactor designer rather than from the more detailed points of view of 
specialists in the individual areas. To whatever extent the coverage of Power Reactor 
Technology may occasionally overlap the fields of the other Technical Progress Re- 
views, the overlaps will be motivated by this objective of viewing current progress 
through the eyes of the reactor designer. 

A degree of critical appraisal and some interpretation of results are often necessary 
to define the significance of reported work. Any such appraisals or interpretations rep- 
resent only the opinions of the reviewers and the editor of Power Reactor Technology, 
who are General Nuclear Engineering Corporation personnel. Readers are urged to 
consult the original references in order to obtain all the background of the work reported 
and to obtain the interpretation of the results given by the original authors. 


W. H. ZINN, President 
J. R. DIETRICH, Vice President and Editor 
General Nuclear Engineering Corporation 
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Critical and Exponential 
Experiments 


The Physical Constants Testing Reactor (PCTR) 
at Hanford Atomic Products Operation (HAPO) 
has been used to perform experiments! in which 
lattice parameters for a 2.50-in.-diameter fuel 
element of natural enrichment were determined. 
The experiments provided measurements of in- 
finite multiplication factor (k,,), thermal utili- 
zation factor (/), resonance escape probability 
(p), and fast-fission factor (€) for a 10'/-in. 
graphite lattice which uses both water and air 
in the coolant channel. The four-factor formula 
was then used to calculate a value of 7. The 
December 1961 issue of Power Reactor Tech- 
nology, Vol. 5, No. 1, contains a review of simi- 
lar experiments, which were performed to 
obtain measurements of the same lattice pa- 
rameters for a tubular natural-uranium fuel 
element (inside diameter, 2.00 in.; outside di- 
ameter, 2.50 in.). 


Four-foot-long exponential piles were used 
at HAPO to measure’ the material bucklings for 
various lattice arrays of hollow-tube and rod-in- 
tube, natural-enrichment, aluminum-clad fuel 
elements. The hollow-tube fuel elements hadan 
outside diameter of 2.5 in. and an inside diame- 
ter of 1.6 in. The same tubes, along with con- 
centric rods of 1.17-in. diameter, were used to 
make the rod-in-tube fuel elements. Experi- 
ments were performed with both water and air 
in the coolant channels. Measurements were 
obtained for the following lattice spacings: 8°/,, 
10°4, 12°4, and 14°/, in. Volume ratios of car- 
bon to uranium varied from 15 to 70. A water- 
to-uranium volume ratio of 1.286 was used for 
the hollow-tube fuel-element experiments; how- 
ever, a water-to-uranium volume ratio of 0.628 


was used for rod-in-tube fuel-element experi- 
ments. 


The Zero Power Reactor III (ZPR-III), lo- 
cated at the Argonne National Laboratory fa- 
cilities in Idaho (at the National Reactor Testing 
Station), was used to perform critical studies of 
a dilute oxide fast-reactor core.*® An oxide fuel 
was simulated by the use of uranium metal and 
alumina (Al1,0;). The alumina served as the 
source of oxygen and was so distributed as to 
provide an oxygen-to-uranium atomic ratio of 
1:1. Stainless steel and metallic aluminum 
were also included in the core. Measurements 
were made of the critical mass and fission ratio 
(measured average fission cross section for a 
given fissile material divided by the average 
measured fission cross section for U***). The 
reactivity worths of various materials that were 
placed in the center of the core, the reactivity 
worths of distributed materials, and the aver- 
age neutron lifetime were also measured. In 
both this and a previous set of experiments 
(uranium-to-oxygen atomic ratio of 1: 2), there 
was a notable discrepancy between the calcu- 
lated and the measured critical masses. Al- 
though no explanation of this discrepancy is 
given, it is concluded in reference 3 that the 
discrepancy in the calculation of the critical 
mass is not due to the oxygen in the fuel. 


The ZPR-III was also used to conduct a set 
of similar experiments’ in which uranium car- 
bide was the simulated fuel. The uranium was 
30.7 per cent enriched in U*°, and the over-all 
uranium-to-carbon atomic ratio was 0.946. A 
critical mass of 503.01 kg of U*®> was required. 
The parameters measured in the dilute uranium 
carbide studies were the same as those deter- 
mined in the dilute uranium oxide experiments, 
namely, critical mass, fission cross-section 
ratios, central reactivity coefficients, hetero- 


1 








geneity effects, reactivity worth of distributed 
materials, and prompt-neutron lifetime. 

Experiments were performed in two critical 
assemblies to provide data in support of the 
preliminary design study for the Argonne High- 
Flux Reactor (AHFR). The twoassemblies were 
used to simulate an end-of-cycle AHFR core 
and a cold clean core. The latter contained 
34.34 kg of evenly distributed stainless steel to 
simulate a burnable poison. Each core was 
composed of an internal parallelepiped thermal 
column of H,O (12.7 by 12.7 by 50.8 cm), sur- 
rounded by a 100-liter fuel zone. A radial re- 
flector of 90 vol.% beryllium and 10 vol.% water 
and Plexiglas was used. The end reflectors 
were pure water. Forty fuel clusters that con- 
tained 3.64 kg of highly enriched uranium were 
used for the end-of-cycle core. The 40 fuel 
clusters in the cold clean core contained 7.25kg 
of highly enricheduranium. Measurements were 
made of flux distributions; cadmium ratios; 
temperature and void coefficients; and control 
rod, beam hole, and reflector reactivity worths. 

Critical experiments® were performed at the 
Special Power Excursion Reactor Test (SPERT) 
facility to determine the degree of accuracy ob- 
tained in the use of a four-group diffusion-theory 
calculational method. These experiments used 
close-packed lattices of SPERT-III, highly en- 
riched, plate type, stainless-steel-clad fuel as- 
semblies. Slab geometry was used for all the 
experiments. In some of the arrays a central, 
water-filled, square-shaped control rod was 
fully inserted into the core. Since reactor con- 
trol was accomplished by varying the water- 
moderator height, criticality data were obtained 
for partial water-height cores. 

A brief review of the Multi-region Reactor 
Lattice Studies Program, conducted by the West- 
inghouse Atomic Power Department, was given 
in Power Reactor Technology, Vol. 5, No. 1. 
Final compilations of the analytic and experi- 
mental procedures and results from two of the 
four phases of the investigation are presented 
in references 7 and 8. 

Reference 7 is concerned with the methods 
and results of measurements and calculations 
of the microscopic parameters and modified 
conversion ratios (phase four of the over-all 
program) in single-region and multiregion 
cores containing stainless-steel-clad, low-en- 
richment, UO, fuel rods. Chapter III of refer- 


2 POWER REACTOR TECHNOLOGY 


ence 7 contains a discussion ofthe experimental 
methods used to measure the following: 


1. The U*® cadmium ratio that is used to 
calculate the ratio of resonance capture in y* 
to thermal capture in U?%8 

2. The U**> cadmium ratio that is used to 
calculate the ratio of resonance fission in U7 
to thermal fission in U2** 

3. The ratio of fissions in U?*® to those in 
U**> from which ¢, the fast-fission factor, is 
calculated 

4. A modified form of the conversion ratio, 
i.e., the ratio of total capture in U** to total 
fission in U?*> 


Also included are discussions of the measure- 
ments made to determine the possible effects 
of lattice perturbations due to the presence of 
cadmium and the random and systematic errors 
that may be associated with activation measure- 
ments. 

The calculational methods, and results there- 
of, used to analyze the experimental data are 
discussed in Chapter IV of reference 7. Multi- 
group computer codes (MUFT-SOFOCATE and 
MUFT-Repetitious-SOFOCATE), with supple- 
mentary resonance information provided by 
Monte Carlo calculations, were used in the cal- 
culation of the macroscopic lattice parameters. 

Chapter V contains a detailed comparison of 
the results from the theoretical analyses and the 
experimental investigations. Possible sources 
of error associated with theory and experiment 
are discussed. In Chapter II the agreement be- 
tween theory and experiment is concluded to be 
relatively good except when measurements are 
made near a region interface in a multiregion 
core. It is further concluded that perturbations 
are introduced into the lattice if cadmium is 
used in the measurement of a reaction rate. If 
the cadmium ratio is close to unity, the effect of 
these perturbations is accentuated in the proc- 
ess of analyzing the experimental data, and the 
resulting correlation between theory and ex- 
periment is poor. 

Reference 8 presents detailed accounts of the 
experimental and analytic methods used to de- 
termine reactivity values and spatial neutron 
and source distributions for moderating ratios 
of 2.4:1 and 4.5:1 (phase three of the Multi- 
region Reactor Lattice Studies Program). The 
light-water-moderated single-region and multi- 
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region cores contained stainless-steel-clad UO, 
fuel rods with enrichments of 1.6, 2.7, and 3.7 
per cent U**», 

The agreement between theory and experi- 
ment in the determination of criticality and 
source and flux distributions was concluded to be 
excellent. Both diffusion-theory and transport- 
theory IBM-704 codes were used inthe analyses, 
and note is made of the conditions under which 
one or the other method provided better agree- 
ment with the experiments. The analyses re- 
sulted in the formation of a consistent computa- 
tional scheme that may be directly used in the 
nuclear design of multiregion cores. 

The material bucklings for two different lat- 
tice arrays of fuel assemblies that are identi- 
cal to those which will be used in the Swedish 
R-3/Adam reactor were determined experi- 
mentally® in the Process Development Pile at the 
Savannah River Laboratory (SRL).* The natural- 
uranium oxide fuel rods were 1.70 cm in di- 
ameter and were clad in Zircaloy-2 tubes (in- 
side diameter, 1.72 cm; outside diameter, 1.86 
cm). Nineteen such fuel rods, arranged in the 
form of a hexagon, constituted a fuel assembly. 
Interassembly pitches of 9.33 and 12.22 in. were 
used for the experiments performed in the lat- 
tices, which were moderated by D,O. The ma- 
terial bucklings were determined by means of a 
critical substitution technique wherein an un- 
known lattice (in this case the lattices made up 
of R-3/Adam type elements) is compared to a 
reference lattice. The reference lattices for 
these experiments were composed of 3l-rod 
clusters of ‘/-in.-diameter UO, fuel pellets 
which were contained in aluminum tubes. When 
necessary, copper rods were used as a poison 
in the reference lattices in order to determine 
a range of material bucklings. 

To aid in the specification of the fuel enrich- 
ment for the Hallam Nuclear Power Facility, 
exponential experiments!’ that used uranium- 
molybdenum fuel elements were conducted. The 
fuel enrichment was 3.448 wt.% U**>. The ge- 
ometry and composition of the 18-rod clusters 
used as fuel assemblies in the exponentials 





*A report of buckling measurements on R-3/Adam 
lattices,at elevated temperatures, in the Pressurized 
Subcritical Experiment at SRL is Report DP-613, PSE 
Measurements on R-3/Adam Lattices, by N. P. Bau- 
mann. This report will be reviewed in the next issue 
of this journal. 


were described in Power Reactor Technology, 
Vol. 5, No. 1. A graphite-moderated square 
lattice and three graphite-moderated hexagonal 
lattices of different pitches were employed. 
The hexagonal arrays investigated in these ex- 
periments had lattice pitches of 13, 16, and 19 in. 
The square-lattice pitch was 9.5 in. Values of 
the material bucklings for each array were in- 
ferred from measurements of the gross hori- 
zontal and vertical neutron-flux distributions 
made with and without the fuel. The thermal 
utilization factors were determined for the hex- 
agonal lattices from detailed measurements of 
the neutron flux within the lattice cells. The 
ratio of resonance to thermal-capture proba- 
bility in U?*® and the ratio of U?*® fissions to 
U**5 fissions were also determined from meas- 
urements in the hexagonal lattices. 


Neutron Rethermalization 


The initial Hanford investigation of neutron 
rethermalization, in the vicinity of a tempera- 
ture discontinuity in the moderator, was re- 
viewed in the June 1960 issue of Power Reactor 
Technology, Vol. 3, No. 3, page 1, and is de- 
scribed in reference 11. Reference 12 is an 
account of later work in the same program, 
which has introduced substantial improvements 
in the experimental techniques and in the tech- 
nique of analysis. As before, the measurements 
were made in the PCTR, but the geometry of 
the moderator region was changed from a finite 
slab geometry to a cylindrical geometry; spe- 
cifically, an annular ring of fuel elements sur- 
rounded an annular region of graphite, which in 
turn enclosed a thermally insulated cylinder of 
graphite. The temperatures of the inner cylin- 
der and the surrounding graphite annulus could 
be adjusted independently. For the experiments 
with water, the inner cylinder of graphite was 
replaced by an annulus which provided, at its 
center, for a 6.8-cm-diameter thermally in- 
sulated cylinder of H,O. In the graphite experi- 
ments rethermalization cross sections were 
determined for (1) neutrons at various tempera- 
tures incident upon graphite at a fixed tempera- 
ture of 300°K and (2) neutrons at a fixed tem- 
perature of 300°K incident upon graphite at 
various temperatures. The water rethermaliza- 
tion experiments yielded rethermalization cross 
sections for neutrons of various temperatures 
incident upon H,O at 300°K. 
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The temperature discontinuity occurred be- 
tween the annulus of graphite and the inner cyl- 
inder. As in previous analyses" neutrons in 
equilibrium with each moderator region were 
assumed to lie in a thermal-energy spectrum 
with the Maxwellian distribution characteristic 
of the physical temperature of the moderator. 
Neutrons diffusing from one moderator region 
to the other were assumed to be transferred 
from their original spectrum to the spectrum 
characteristic of the new region in, effectively, 
single collisions whose probability is described 
by the rethermalization cross section, 2,.4,. 
The cross sections were determined by fitting 
theoretical curves, consistent with this two- 
thermal-group picture, to the experimental ac- 
tivation curves for 1/v detector traverses of 
the two moderator regions. A bivariant itera- 
tion process was employed to determine those 
rethermalization cross sections for both re- 
gions which would provide the best agreement 
between the theoretical and experimental ac- 
tivation traverses. The analysis differed from 
that previously reported!! in that the tempera- 
ture dependence of the graphite diffusion coef- 
ficient was taken into account andthe upscatter- 
ing and downscattering probabilities were not 
assumed to be equal. The results for rether- 
malization in graphite were substantially dif- 
ferent from those previously reported; much of 
this difference is attributable to the more de- 
tailed analytical method. 

The experimentally determined rethermaliza- 
tion cross sections, relaxation lengths (L,,,,), 
and effective masses (M,,;) of the scattering 
centers are given, for graphite and water, in 
Tables I-1 and I-2. The definitions of the im- 
portant quantities are as follows: 


bin (Sy ew (th 
M ots (Fa, 7) = 225 he: T)/ Biss ke Tz) 


where 7, = neutron temperature in the thermal 
group before rethermalization (Tp 
is equal to 7, for neutrons from 
region 1 being rethermalized in re- 
gion 2, and 7, is equal to T, for 
neutrons from region 2 being re- 
thermalized in region 1) 
T, = moderator temperature 
D (T,,, Tg) = diffusion constant for neutrons of 
temperature 7, in moderator of 
temperature T,, etc. 


Cross Sections 


Two 19-level sets of cross sections are pre- 
sented in reference 13; one set is for beryl- 
lium, which includes the (n,2m) and (x,a@) reac- 
tions in beryllium, and the other set is for 
U’**, These cross-section sets can be used with 
diffusion-theory codes of General Electric’s 
Aircraft Nuclear Propulsion Department (GE 
ANPD) to produce analytical results within +1 
per cent of the experimental multiplication con- 
stant for beryllium oxide-reflected systems 
having thermal-fission fractions between 5 and 
51 per cent. Also described in the reference 
are several critical experiments that were spe- 
cifically designed for theory-experiment cor- 
relation of beryllium- and beryllium oxide- 
moderated systems. Five such experiments 
were performed at Livermore and six at GE 
ANPD. These experiments were analyzed using 
a 19-group neutron-diffusion code and were 
used to evaluate several sets of beryllium cross 
sections. Calculations of beryllium- and beryl- 
lium oxide-moderated reactors which are made 
using isotropic scattering cross sections for 
beryllium, and which neglect the (”,2n) reac- 
tion, yield multiplication constants that are as 
much as 10 per cent too low; much of this dis- 
crepancy is attributed to the omission of the 
Be(n,2) reaction. When the (7,27) cross sec- 
tions established by these studies were used 
with a revised set of U** cross sections, the 
above-mentioned very good agreement on mul- 
tiplication constants was obtained. 

Reference 14 describes a comparison between 
the Westcott!®> scheme* for obtaining thermal- 
group effective cross sections and the MUFT- 
SOFOCATE cross-section schemes. MUFT is 
a multigroup Fourier transform code, developed 
at Westinghouse Atomic Power Department 
(WAPD), which calculates the energy distribu- 
tion of neutrons slowing down from a fission 
source, and, by use of this distribution, calcu- 
lates average thermal-group constants by first 
computing the Wigner-Wilkins flux spectrum 
and then averaging the constants over that spec- 
trum. The MUFT-SOFOCATE method was de- 
veloped for the typical H,O-moderated reactor, 
which employed enriched fuel and which had a 
relatively important epithermal component of 





*The most recent compilation of effective cross 
sections by Westcott is listed as reference 16. 
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neutron absorption; the Westcott scheme was 
intended for well-moderated systems, typified 
by the D,O-moderated, natural-uranium reac- 
tor, and the existence of limits to its applica- 
bility has always been recognized. 

It is perhaps not surprising that the two meth- 
ods predict different reactivity lifetimes for a 
given reactor. However, reference 14 shows 
also that the two methods differ substantially in 
predicting the reactivity of relatively small, 
aqueous homogeneous critical assemblies fueled 
with plutonium and that the Westcott scheme, in 
these cases, gives better agreement with ex- 
periment. The resolution of these differences, 
for the purpose of improving reactivity lifetime 
calculations, is the motivation for the work de- 
scribed in the reference. Twocritical plutonium 
cores, a plutonium-fueled Materials Testing 
Reactor (MTR) loading, and various reactivity 
measurements on irradiated UO, at the MTR 
Reactivity Measurement Facility were ana- 
lyzed using constants determined by MUFT- 
SOFOCATE and by the Westcott scheme. Also, 
the effective cross sections given by the two 
schemes were compared with recent micro- 
scopic cross-section data. The following con- 
clusions were drawn:'* 


1. Westcott’s method yields better agreement 
with plutonium experiments for well-moderated 
reactors than does the MUFT-SOFOCATE 
method with the presently used cross sections, 
the main reason being a 3 per cent higher value 
of the thermal eta for Pu?®’ in Westcott’s method, 
which is in better agreement with recent cross- 
section measurements. 

2. The Wigner-Wilkins flux spectrum of 
SOFOCATE represents the spectrum when a 
large amount of thermal resonance material is 
present much better than a hardened Maxwellian 
spectrum, as in Westcott. 

3. MUFT does allow variation of the effective 
resonance integrals with dilution, but neither 
the Westcott scheme nor the usual fast-fitted 
CANDLE (a WAPD lifetime code that was used 
with MUFT-SOFOCATE cross sections for burn- 
up calculations) scheme allows for changes in 
the effective resonance integrals during lifetime. 

4. The epithermal a values used by Westcott 
seem to be too small and hence lead to too op- 
timistic an estimate of lifetime for the drier, 
more epithermal, lattices. 


In short, the conclusion appears to be that 
the discrepancies exhibited by the MUFT- 


SOFOCATE system are not fundamental but are 
traceable to the microscopic data used, and, in 
the case of reactivity lifetime calculations, to 
the handling of the effective cross sections in 
the lifetime calculation proper. Recommenda- 
tions are made for improving these shortcom- 
ings. 

Reference 17 is of interest in connection with 
the Westcott formulation. The reference gives 
effective cross sections for Pu®*®, U*>, andU**3, 
which were derived by use of the experimentally 
measured spectrum in a Calder Hall lattice of 
natural uranium and graphite, as functions of 
the moderator temperature. These effective 
cross sections are compared with similar data 
published by Westcott,!® which used the same 
experimental neutron spectrum but different 
calculational methods to obtain the effective 
cross sections. The two sets of data were in 
almost complete agreement. It is pointed out 
that the neutron spectrum was measured in the 
moderator of a graphite-uranium system, and 
that, strictly speaking, the effective cross sec- 
tions apply for reaction rates in the moderator. 


The low-energy total neutron cross section of 
Pu**! has been measured from 0.02 ev to 2 kev 
and is reported in reference 18. The cross 
section was determined from the measured neu- 
tron transmission in PuO, which was enriched 
to 81 per cent in Pu*!, Measurements were made 
using the MTR fast-neutron chopper. A study to 
determine the extent of the Doppler distortion 
of the resonances in Pu"! below 11 ev, at tem- 
peratures ranging from 0 to 2000°C, was also 
made and is discussed in the reference. 


Reference 19 reports a consistent set of 
energy-dependent U?*> partial cross sections, 
i.€., Oy, Of, Os, and 0, from 10~ to 10’ ev, that 
have been compiled for use in the analysis of 
thermal or intermediate reactor systems. An 
attempt has been made to present these data in 
the form most useful for reactor analyses: the 
cross sections are given in detailed graphic 
form for the energy range from 10~ to 60 ev; 
quarter-lethargy-group cross sections aver- 
aged over a constant lethargy flux are graphed 
for the energy range from 0.414 to 10' ev, and 
100 energy points are tabulated from 107° to 
2.5 ev. The cross sections were obtained by 
analytical extensions of the existing experimen- 
tal data. The partial cross sections that are 
presented were compared with integral experi- 
ments reported in the literature: specifically, 
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they were checked against reported measured 
values for the fission- and capture-resonance 
integrals of U?*> and reported integral and 
monoenergetic measurements of a for U***. In 
general, good agreement was observed. 


In reference 20 a quite extensive treatment of 
the energy-dependent cross sections is made 
for 233, U4 235236 N239 py239 py24_ 
Pu"4!, Pu’? the fission-product aggregates of 
u?33, 235 and Pu’*®, and certain specific fission 
products. The data are given at 100 energy 
points over the range from 0.005 to 2.5 ev, a 
form suitable for the thermalization codes in 
use at General Atomics. The cross sections 
were derived from several sources, including 
direct experimental data, information recorded 
in BNL-325 and its supplement, calculations us- 
ing the Breit-Wigner single-level formula with 
appropriate resonance parameters, results of a 
multilevel treatment by Vogt, and from the 
fission-products work of Garrison and Roos. 
Comparisons of several measured and calcu- 
lated spectra are given in the reference; these 
comparisons demonstrate the current success 
of theoretical efforts to reproduce the experi- 
mental results of neutron thermalization. Ex- 
amples of thermal spectra, the associated 
spectrum-average cross section, and “effec- 
tive” cross sections for carbon: U”** atom ratios 
between 2819 and 10,000, with moderator tem- 
peratures ranging from 300 to 2400°K, are also 
recorded. 


References 21 and 22 give cross sections for 
Th?*? and Pu’, which include the effects of 
target temperature. Total, scattering, and 
radiative-capture cross sections for Th* are 
presented by reference 21 in both graphic and 
tabular form as functions of energy from 0.0253 
to 0.999 ev and for thorium temperatures 
from 0.0253 to 500 ev. The total, scattering, 
radiative-capture, and a portion of the fission 
cross sections are similarly given in reference 
22 for Pu’ as functions of neutron energy be- 
tween 0.0253 and 120 ev and for Pu“’ tempera- 
tures in the range 0.253 to 0.2 ev. Cross sec- 
tions in these two references were calculated by 
use of the Breit-Wigner single-level formula, 
using several experimental sources for level 
parameters and radiation widths, and the Breit- 
Wigner analysis was folded into a Maxwellian 
velocity distribution. 


The calculation of thermal average cross 
sections by means of Maxwellian averages is 


reviewed in reference 23. A numerical integra- 
tion scheme for calculating the average over 
the Maxwellian energy distribution is used, and 
an IBM-704 program for computing these aver- 
ages is described. 
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Conduction 


The thermal conductivity of reactor materials, 
particularly of fuels, continues to be of interest 
to the design engineer. Reference 1 is a dis- 
cussion of the thermal conductivity of metallic, 
nonmetallic, and heterogeneous materials. A 
discussion of radiant heat transfer is included, 
which is of particular interest in view of the 
recent information on the postulated improve- 
ment of the thermal conductivity of UO, at high 
temperatures due to radiant heat transfer.’ At 
the time of the writing of reference 2, meas- 
urements of the thermal conductivity of UO, 
had been reported only to temperatures of 
about 2000°F, where radiant heat transfer is 
small. Recently, however, these measurements 
have been extended to over 3800°F, and, at 
these temperatures, radiant heat transfer 
becomes Significant. Figure II-1 is a plot of the 
curve of Bates,’ plus data of Deem and Lucks® 


Fluid 









Bates Curve 2, 
Conduction Plus _| 
Radiation 











- pl 
= Data Of Reiswig4, At 
€1.5- J, 100% Density "7 
= 
=1.4 — 00 « ? om 
= 
© 1.3;- Data Of Deem And Lucks 3, At “| 
= Loe 100% Density ail 
, Specimen D-T ° 
he oe eek: 
1.0 oe) ee ee Ee) ee ee eee) eee See ee ee 
o oC Oo 4 6 @ 6G 6 © © Cc, Se 
Eo 6G 8 6 © oOo 6 6 6 6 Go oO 
TT @o@@ opfuwvt © GO 4 = © @ 
- ~-~ —~- NN NNN DO YO YM MM M 
Temperature , °F 


Fig. Il-1 Thermal conductivity of UO, vs. tempera- 
ture. 


Flow 


and Reiswig.’ Although the experimental data 
shown are not in good agreement, they indicate 
that the minimum value of thermal conductivity 
has not been reached. This minimum value 
occurs at the point where the dominant mode of 
heat transfer changes from conduction to radi- 
ant heat transfer and generally occurs! at 
about 2700°F for polycrystalline, nonmetallic 
materials. Although the Battelle Memorial In- 
stitute data’ lie at temperatures just below this 
temperature, they still fall closetoa1/T varia- 
tion; both sets of experimental data do, in fact, 
appear to be measuring only the lattice con- 
duction contribution. Whether this is due to the 
experimental methods used, to the absence of 
important radiant heat transfer in the range 
measured, or to some other cause is a question 
of some importance to the designer. A good 
discussion of the mechanisms of high-tempera- 
ture transport of heat is in reference 5, which 
also discusses in considerable detail some 
methods for measuring thermal conductivity. 


References 1, 3, and 5 discuss the effect of 
irradiation on thermal conductivity, and refer- 
ence 3 presents some interesting data on the 
experimentally observed thermal conductivity 
of irradiated UO,. Since the data are tentative 
and subject to rechecking, they will not be re- 
produced here, but they show the annealing-out 
of radiation damage as a function of tempera- 
ture. Additional data on the conductivity of ir- 
radiated UO, have recently been reported.® The 
basic purpose of the experiments reported in 
reference 6 was that of improving the thermal 
conductivity of UO, by the addition of small 
amounts of other oxides, such as CaO, Y,O3, 
and Nb,O;; it was found, however, that these 
additives decreased, rather than increased, the 
thermal conductivity. During the course of the 
studies, undoped UO, was used as a “control” 
and was irradiated in the hydraulic rabbit fa- 
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Table II-1 CAPSULE DESCRIPTIONS® 
Sheath* Clearance 
Density, Enrichment, Inside 
Identity Composition g/cm? Diam., in. % U** in Ut Thickness, in. diam., in. Diametral, in. Axial, in. 
SE UO, 10.71 0.660 4.9 0.025 0.6684 0.008 0.054 
SF UO, 10.71 0.660 4.9 0.025 0.6684 0.008 0.054 
* Stainless steel. 
+ Determined by analysis. 
Table II-2 AVERAGE THERMAL CONDUCTIVITY® 
Av.k 
Tm Av.k Ty to grain-growth 
Capsule Meiting 5, k do,* to melting,f Grain-growth Sy k d6,t temp., 
identity diam., in. watts/cm Btu/ (hr) (ft) (°F) diam., in. watts/cm Btu/(hr) (ft) (°F) 
SE 0 80 2.0 0.3 65§ 3.0 
SF 0.13 76.5 1.9 0.3 65§ 3.0 





*Determined from Eq. 18 of Canadian Report CRFD-835; evaluation of Bessel-function term from a graph of this 


function vs. r/a for an inverse diffusion length x of 1.54. 

{ Estimated fuel-surface temperature = 662°F; measured U 
perature of 3.85 mole % Y,O, solid solution = 4953°F. 

t Assuming a grain-growth temperature in each case of 2912 


O, melting point = 4892°F; and measured solidus tem- 


°F and a surface temperature of 662°F. 


§ This number was given as 0.65 in reference 6 and has been changed to be consistent with other data in the refer- 


ence.—Tie Editor 


cilities at Chalk River. The capsule descrip- 
tions are given in Table II-1. The existence of 
melting and grain growth, and the correspond- 
ing temperatures, were determined from post- 
irradiation metallurgical examination of the 
sectioned capsules. Table II-2 illustrates the 
results. 

Reference 7 describes a transient method for 
the determination of the thermal diffusivity of 
metals up to over 3200°F, and data are presented 
for Armco iron, molybdenum, and titanium. 

Reference 8 is another publication in the 
continuing attack on a difficult conduction prob- 
lem—that of determining the temperature of a 
noninfinite solid which is pierced by coolant 
channels. The geometry studied is shown in 
Fig. II-2. Both regions A and B are allowed to 
generate heat; the illustration is for six off- 
center coolant channels at a temperature 7, 
and surrounding a central channel at tempera- 
ture T). An adiabatic boundary condition ata,y 
is assumed, and convection boundary conditions 
in the coolant channels are allowed. The prob- 
lem is not tractable without a computer, and 
information on a program for the IBM-7090 
computer is included. The temperature field in 
an infinitely long, eccentrically hollow cylinder 
with - panaia heat generation has been treated 
also. 





Fig. II-2 Normal cross section.® 


Water and Gaseous 
Coolants 


Roughened surfaces have been shown to in- 
crease burnout heat flux (see Power Reactor 
Technology, Vol. 3, No. 2, page 35); reference 
10 presents a friction-factor correlation for 
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water flowing in an annulus with the inner wall 
roughened by medium-diamond knurls: 





_1 _ (pet De 29 
yf Ber BV tae | 


The symbols have their conventional meanings, 
with € being the depth of the roughness. The 
data lie within 10 per cent of the correlation, 
and the experimental limits are given in Table 
II-3. The extension of Eq. 1 to cover cases in 


Table II-3 EXPERIMENTAL LIMITS”® OF EQUATION 1 





Medium-diamond knurl 
0.007 to 0.016 in. 

0.29 to 0.51 in. 

100,000 to 250,000 


Type of roughness 
Depth of roughness 
Equivalent diameter 
Reynolds number 

% of wetted perimeter 


roughened 33 to 39 





which up to 60 per cent of the wetted perimeter 
is roughened is given by an approximate formula. 

Additional pressure-loss data are given in 
reference 11 for any incompressible gas. Com- 
plex flow circuits are considered for both series 
and parallel flow. The report contains an ap- 
pendix that lists loss coefficients for 23 dif- 
ferent duct fittings and connections; this sec- 
tion should serve as a ready source of 
information that otherwise appears to be scat- 
tered over a considerable volume of literature. 


Pressure-volume-temperature data for water 
are contained in reference 12 for pressures up 
to about 10’ psi and for temperatures up to 
18,000°F. 

Reference 13 reports on pool-boiling studies 
performed for pressures from 1.5 to 4000 psia 
and for fluid temperatures up to 800°F. Figure 
II-3 illustrates some of the data obtained and 
shows that the region wherein transitional 
boiling occurs is absent at the critical pres- 
sure (3208 psia) and above. The nucleate- 
boiling heat-transfer coefficient increases with 
pressure up to about 2800 psia and then de- 
creases. Existing correlations of nucleate-boil- 
ing peak heat flux with heat-transfer coefficient 
are compared with the experimental data, and a 
new correlation is suggested. Heat-transfer 
coefficients in film boiling are evaluated and 
compare favorably with several existing cor- 
relations. The test section incorporated a sap- 
phire viewing window that allowed observation 





11 


of the test section at all experimental pres- 
sures, but few data are given in the report. 


Reference 14 is concerned with local-boiling 
heat-transfer tests. Data were taken which 
utilized a tubular, heated test section having an 
inside diameter of 0.416 in. and a length of 
30 in. The test section was appropriately in- 
strumented to measure pertinent temperatures, 
pressures, flow rates, etc. Test conditions are 
given in Table II-4. Analysis of the data 
provided confirmation of the Jens and Lottes 
local-boiling heat-transfer correlation, although 
scale formation during the runs makes this 
conclusion subject to some uncertainties. The 
corrosion problem presumably was aggravated 
by the fact that continuous water purification 
was not provided in the test-equipment setup, 
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Fig. IIl-3 Heat flux vs. difference between wall and 
bulk fluid temperatures, Y/-in. vertical-plate test 
section.' 
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Table IIl-4 LOCAL-BOILING STUDIES— TEST 
PARAMETERS 





1100, 1200, and 1300 
425 and 445 

1.20 to 5.55 x 10° 
3.5 to 10 x 10° 


Pressure, psia 

Inlet temperature, °F 

Heat flux, Btu/(hr)(sq ft) 
Mass velocity,* lb/(hr)(sq ft) 





* Editor’s Note: Calculated from data given in refer- 
ence 14. 


except for makeup water. Local-boiling pres- 
sure-drop data were correlated by use of an 
equation of the following form: 


f/fiso = 4+ b(St)(Pr)* + c(Re) (2) 


where f/f, = ratio of local boiling to isother- 
mal friction factor 
a,b,c = correlation constants 
St,Pr,Re = Stanton, Prandtl, and Reynolds 
numbers 


Values ofa, b, andcare given for the three 
pressures studied. 


Stability of Two-Phase 
Flow with Boiling 


In the design of boiling reactors, the question 
of hydraulic stability becomes of increased 
importance as attempts are made to attain high 
heat flux and high exit quality. Theoretical and 
experimental work continues on the problem, 
and references 15 to 21 represent recent pub- 
lications on the subject, employing both analog 
and digital solutions to flow equations, coupled 
with experimental studies. Reference 15 pre- 
sents solutions to the nonlinear one-dimensional 
equations of motion for a two-phase mixture, 
and these solutions are coupled with the equa- 
tions of motion of the fluid in the external 
circuits to obtain the behavior of the entire 
system. Both forced- and natural-circulation 
systems can be studied. The two-phase mixture 
is assumed homogeneous; i.e., the assumption 
is made that its density, velocity, and pressure 
distributions can be described in terms of con- 
tinuous functions, and slip is not allowed. A 
finite difference method is employed to solve 
the resulting equations, and a computer code is 
given. The channel power is assumed to be a 
chopped cosine. Provision is made for varying 


the power sinusoidally and for employing a 
time-independent power. 


As an illustration of its use, the program was 
employed to study the experiments done by Levy 
and Beckjord. These experiments were reported 
in reference 22, which was reviewed in Power 
Reactor Technology, Vol. 4, No. 2.* Experi- 
mental runs were studied analytically, and it 
was substantiated that oscillations become more 
severe as subcooling, power, and channel-flow 
area are increased. An example is given in 
Fig. Il-4. The particular parameter illustrated 
is subcooling; as subcooling increases, the loop 
oscillations become less damped and finally 
diverge in the case of 45 Btu/lb subcooling. 
The data illustrated are for natural-circulation 
runs, although a “boosting” pump was incorpo- 
rated into the equations to ensure that the fluid 
was flowing in the proper direction when the 
power was switched on. This pump was then 
switched off after about a second to permit 
natural circulation. The major advantage of 
such a study, however, is the insight it gives 
into the detailed instability mechanism. The 
results given in reference 15 suggest that the 
inertial effect of the mixture in the chimney 
plays an important part. “Sharp” instabilities 
are defined as those for which the acceleration 
of the fluid at the heated channel inlet ap- 
proaches infinity, and it is shown that the ac- 
celeration of the fluid at the outlet of the 
chimney is also large and of the opposite sign. 
The pressure must therefore be a maximum at 
the boiling boundary, and the reference illus- 
trates that the pressure surge may be resolved 
as a shock. The damping effects of friction are 
discussed and are shown to be beneficial to 
stability. As the power is increased, the void 
fraction increases and the change in the pres- 
sure drop across the chimney, for a given 
change in inlet velocity to the test section, is 
relatively larger. This increased pressure drop 





*Editor’s Note: Power Reactor Technology, Vol. 4, 
No. 2, page 18, states that natural-circulation studies 
done at Bettis”? appear to contradict the Levy-Beck- 
jord data with respect to the effect of subcooling. 
Although the conclusion of reference 23 is that “these 
flow fluctuations increase at lower inlet subcool- 
ing...,’’ Fig. 16 of reference 23 suggests that the 
flow fluctuations increase at lower inlet tempera- 
ture. Ther~ ‘ore the Bettis and Levy-Beckjord papers 
appear to . - in agreement on the effect of inlet sub- 
cooling. 





HEAT TRANSFER AND FLUID FLOW 13 





drys Ned silirs ate mine Loa one 

3 8 a 
x | cuits aaa aateiaeaitin 
“44 - 
S 2- a 

















t, sec 
(a) 
10 
ae T | | I ] I z 
» eh f/\ ~~ — 
PJ 4- _—— 
2 Ss 
0 | | | | | | | 














10 

eo I | | | I i 
= ] 4-4 i 

2-4 ae 

6 Te Se Sa eee ee 











Fig. Il-4 Velocity of the coolant at the channel inlet 
vs. time.’ (a), subcooling = 35 Btu/lb. (b), subcool- 
ing = 40 Btu/Ib. (c), subcooling = 45 Btu/lb. 


is manifested in larger amplitudes of the other 
variables, with a resulting decrease in stability. 
Reference 16 is another analytical study of 
the transient operation of two-phase natural- 
circulation loops. The flow equations were 
solved on both analog and digital computers, 
and the limitations and advantages of both sys- 
tems are discussed. An important difference 
between references 15 and 16 is that the latter 
uses a separated-flow model wherein slip is 
allowed. The results of the digital treatment 
are compared with experimental data taken in 
the University of Minnesota two-phase heat- 
transfer loop at atmospheric pressure; digital 
runs for a pressure of 300 psia were also per- 
formed. In general, good agreement between 
analytical and experimental results was 
achieved. The following quotation from refer- 
ence 16 will serve to summarize the results: 


1. The power density (power per unit heater vol- 
ume) at which oscillations occur has increased by 





nearly two orders of magnitude in going from one 
atmosphere to 300 psia... . The trendof increasing 
stability with pressure has been observed with all 
experimental test loops. 

2. The specification of power density alone, or 
of any other single variable, is not sufficient for 
determining the unstable region. The instability is 
a complex function of power input, system geome- 
try, inlet subcooling, and perhaps other variables. 
This feature is illustrated by the computed results 
which show that a region supporting sustained os- 
cillations may be reached by varying either the 
subcooling or the power input. A similar conclu- 
sion, based on experimental results, has been made 
by Levy and Beckjord. 

3. The region of instability appears to be a closed 
region, outside of which stable operation is pos- 
sible. At both one atmosphere and at 300 psia, os- 
cillatory behavior occurred at an intermediate 
range of operating conditions with steady behavior 
at extremes. There are, however, limitations im- 
posed on the model used in the computer studies 
that may invalidate any practical application. An 
exaniple of such a limitation is the possibility of 
burnout at high power inputs, or at lower inputs if 
oscillations alter the mechanism of heat transfer. 
In the model, an arbitrary heat source was assumed 
to exist without regard to any mechanism. 

4. The frequency of oscillations at high pressure 
is approximately 30 times higher than that of the 
low-pressure oscillations, in agreement with ex- 
perimental results. The absolute agreement of 
predicted and experimental frequencies is difficult 
to determine and not of vital concern, since no at- 
tempt was made to simulate exactly an existing 
physical apparatus. However, one may observe that 
at high pressure the frequency is approximately the 
natural frequency of the system, and the oscillations 
themselves are approximately harmonic. The nat- 
ural frequency may be obtained by deriving equa- 
tions in a LaGrangian system of coordinates, i.e., 
coordinates which move with the mean velocity of 
the fluid, and considering natural oscillations about 
this mean. Hence, the geometry, the mass of fluid 
within the loop, and the gradient of driving force 
and resisting force all ‘play important roles in 
determining the frequency. At low pressure, the 
oscillations are not harmonic, but resemble re- 
laxation oscillations. Here, again, the oscillatory 
period will depend on parameters of the system, 
but the actual and natural frequencies may be com- 
pletely different. The actual frequencies are strong 
functions of the transport times within the loop. 

5. The mechanism of two-phase vapor-liquid 
fluid flow and its transient behavior must be known 
accurately in order to predict the conditions under 
which instabilities occur, especially at high pres- 
sure. From the computed results one can see that 
solutions are very sensitive to the specification of 
slip ratio. Although the modification of the problem 
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to incorporate a variation of slip ratio with super- 
ficial velocity seems reasonable in the light of ex- 
perimental results, it has not been established that 
the relations valid for steady flow are also valid for 
continuously time-varying flow. 

6. The mechanism by which oscillations are ini- 
tiated and sustained at high pressure appears to be 
essentially the same as that at low pressure de- 
spite the fact that in one case the oscillations ap- 
pear to be relaxation oscillations and in the other 
case nearly harmonic. Differences do exist in the 
conditions surrounding the oscillatory states, but 
in each case the cause appears identical. 


The reports of General Electric Company’s 
Atomic Power Equipment Department (GE- 
APED) on the stability of marine-propulsion 
boiling-water reactors have been published.!”-!® 
Flow equations are presented which allow for 
separated flow,'’ but the manner of treating the 
interactions between the phases and the channel 
walls is different from that used in reference 
16, being based on the momentum exchange 
model (Power Reactor Technology, Vol. 3, No. 
4, page 28). The equations are solved by line- 
arizing the equations about the steady state and 
by investigating the effects of small disturb- 
ances. This was done with an analog computer, 
and the results were compared to experiments 
done in the GE-APED heat-transfer loop. The 
comparison of transient responses to a 7 per 
cent step increase in heating rate is shown in 
Table II-5. The application of the analog pro- 


Table II-5 COMPARISON OF EXPERIMENTAL 
AND ANALYTICAL RESULTS!” 








Parameter Observed Computed 
Inlet velocity transient, % —32 —30.5 
Oscillation period, sec 3.0 2.4 
Damping factor 0.066 0.1 





gram to the marine boiling-water reactor is 
illustrated in the reference but will not be 
discussed here. Reference 17 concludes as 
follows: 


The parameters governing two-phase flow loop 
dynamics are revealed by studying the loop equa- 
tions. First we consider fluid transit time of the 
two-phase section. Because the loop driving force 
is weight difference of the columns, and because 
changes in the average void fraction are trans- 
ported across the riser at the average two-phase 
fluid velocity, it is clear that the loop dynamics in 
the time domain will be dominated by the transit 


time. Another way of stating this fact is thata 
change in steaming conditions at the inlet builds up 
an effect on the driving head during one complete 
transit time of the riser... . Experimentally it has 
been noted that loop oscillations, when they occur, 
do so at cyclic periods a bit longer than the transit 
time. Analysis predicts the period of an oscillatory 
system Y, to 2 times the two-phase section transit 
time. 

The second point is the dependence of steaming 
rate on inlet water velocity and subcooling. This 
dependence is the primary cause of flow pulsations 
in the A.P.E.D. loop, and it is of concern in the 
range of interest to boiling water reactor design. 
Paradoxically this cause is thermodynamic and not 
hydrodynamic. Consider the energy equation: 


Steaming heat rate 
= total heat rate 
— (subcooling per unit mass) 
x (mass flow rate) (area) 


If we suppose inlet velocity increases in a loop that 
has been in a steady state of operation, the equation 
states that steaming rate will decrease. The riser 
steam fraction will then decrease, and with it the 
driving head during the passage of a transit time. 
The loop velocity will decelerate as a consequence, 
and as velocity decreases, the steaming rate will 
rise. If certain conditions are met, the process 
will be oscillatory and undamped. The main con- 
ditions are that steaming be strongly dependent on 
inlet velocity, and that the natural circulation driv- 
ing head be substantial. The conditions can be met 
with high subcooling and high heating rate. They 
can also be met at low heating rates with low inlet 
velocities, but the latter conditions are of less 
practical interest. 


References 18 and 19 give additional infor- 
mation on the analog program plus initial ex- 
perimental results on a “rocking” (movable) 
heat-transfer test section. 

Reference 20 presents a stability criterion 


as follows: 
(a), - Gi). <° ® 


where dp/df is the slope of the coolant flow vs. 
pressure curve at the intersection of the supply 
and demand curves. The “demand” curve shows 
the pressure required to force a given amount 
of flow through the active portion of the test 
loop, whereas the “supply” curve illustrates 
the pressure drop made available to the test 
section as a function of flow rate. 

The subscripts in Eq. 3 refer to the deriva- 
tives of the supply and demand curves, re- 
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Fig. II-5 Effect of 20-psi inlet orificing on the sta- 
bility of boiling-water flow.”° (a) Flow trace, coolant- 
mass velocity vs. time. (6) Head loss vs. coolant- 
mass velocity. Test conditions: pressure = 795 psia, 
upflow in 18-ft-long tube, mass velocity = 500 lb/(sec) 
(sq ft), inlet subcooling = 52°C, power = 135 Mw/sq ft 
of coolant-flow area, exit quality = 23 per cent, heat 
flux = 288,000 Btu/(hr)(sq ft), tube diameter = 0.49 in. 


spectively. The effect of inlet orificing can be 
seen in Figs. II-5 and II-6, which present data 
on the effect of inlet orificing on coolant-mass- 
velocity fluctuations. Reference 21 provides 
additional data on this stability criterion and 
reports on heat-transfer results employing an 
electrically heated 19-rod test section. 


Boiling Burnout 


The subject of boiling burnout continues to 
receive attention. References 24 and 25 are 
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Fig. II-6 Effect of 1.2-psi inlet orificing on the sta- 
bility of boiling-water flow.”° (a) Flow trace, coolant- 
mass velocity vs. time. (b) Head loss vs. coolant- 
mass velocity. Test conditions: pressure = 795 psia, 
upflow in 18-ft-long tube, mass velocity = 500 lb/(sec) 
(sq ft), inlet subcooling = 52°C, power = 135 Mw/sq ft 
of coolant-flow area, exit quality = 23 per cent, heat 
flux = 288,000 Btu/(hr)(sq ft), tube diameter = 0.49 in. 


Pressurized-Water-Reactor (PWR) progress 
reports that contain a new departure from 
nucleate boiling (DNB) correlation, as follows: 


$pxp/108 = (= x ) (4) 


2000 — PY’) 


where k = 0.84 F +( 800 


H, = 655 — 0.004 (2000 — P)!-88 
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10°/¢ 
H’ = H, — 0.275 H;,, — 0.725 Hy , =a 


pnp = limiting DNB heat flux, Btu/(hr)(sq ft) 
local enthalpy, Btu/Ib 
P = system pressure 
G = local mass velocity, lb/(hr)(sq ft) 
H,,H,; = water properties evaluated at system 
pressure 


q 
i 


Since the references are progress reports, 
little additional information is given; however, 
a topical report presumably will be issued. 
The correlations do suggest, however, that 
there is a local enthalpy at which ¢,,, ap- 
proaches zero, namely when H’= H, 

The Atomic Energy Research Establishment 
(AERE) has been studying burnout in high- 
pressure boiling-water systems, and data have 
recently become available.”* Table II-6 shows 
the test-section parameters used in the AERE 
tests and compares them with other similar 
experiments.* The AERE loop differs in one 
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Fig. II-7 The effects of variation of mass velocity 
and quality on the burnout heat flux for an internally 
heated annulus at 1000 psia.”® 





*Tables II-6 and IJ-7 and Figures II-7 and II-8 
are reprinted here by permission from the United 
Kingdom Atomic Energy Authority.”® 
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Table II-7 CRITICAL LINEAR STEAM VELOCITIES 
IN TEST SECTION AT 1000 PSIA* 








Critical 
Critical linear 
Mass velocity steam Steam-mass steam 
(G), quality, velocity, velocity, 
lb/(hr)(sq ft) wt. fraction lb/(hr)(sq ft) ft/sec 
0.5 x 108 
1.1 x 108 0.385 0.423 x 108 52.4 
1.5 x 108 0.307 0.460 x 10° 56.9 
2.2 x 108 0.225 0.495 x 108 61.3 
3.3 x 10° 0.140 0.462 x 10° 57.2 





important respect from the loops of the other 
investigators shown in Table II-6 in that 
separate steam and water flows were utilized 
to feed the test section. The water was about 
10°F (subcooled) at the test-section inlet, and 
the steam was about 10°F (superheated). Usu- 
ally two or more runs were made at a given 
set of conditions to verify the burnout data. 
Preliminary results are shown in Fig. II-7; 
no correlation is presented in the reference. 
The method of burnout detection employed was 
to measure the electrical resistance of ap- 
proximately the last 20 per cent of the heated 
length and to shut off the electric power when 
the surface temperature and resistance of the 
test section increased to some predetermined 
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Table II-8 PHYSICAL DIMENSIONS AND RANGE OF 
BURNOUT FLOW CONDITIONS TESTED IN ROUND 








so-called “critical point,” which is defined as 
that exit quality where the burnout heat flux 


TUBES”’ : 
falls from a fairly high value to a much lower 
Specific value. According to reference 26, the critical 
Ele- Inside Heated mass Burnout linear velocity of 50 to 60 ft/sec compares 
et ee om oe 8d ped favorably with other published data. 
oO. cm cm m , ° . 
. ett Reference 27 is a report on the study of wet 
54 0.52 41.1 79 110—383 20-75 steam as a reactor coolant and covers work 
58 0.52 79.8 154 110-388 25-77 done (1) at the Centro Informazioni Studi Es- 
nod a) ee a perienze (CISE) in Italy, (2) at Ansaldo S. A. in 
68 0.62 80.0 199 105—395 30-91 Italy, and (3) at the United Nuclear Corporation 
in this country. Although the wet steam-cooled 
38 0.32 80.1 250 115-427 29-86 ; iia ; 
48 0.40 80.1 200 115—465 27-94 reactor is not a boiling reactor in the conven- 
88 0.82 80.3 98 108-400 25-78 tional sense, the report is included in this re- 
06 1.01 60.2 60 110-318 20-80 





value. Three regions of burnout are discussed 
which refer to the behavior of this burnout de- 
tector. These regions are shown in Fig. II-8. 
In region I no indication of the proximity of 
burnout was given by the detector prior to its 
operation. In region II random fluctuations were 
observed whose amplitude increased as power 
was increased to the point where a trip oc- 
curred. Operation in region III resulted in large 
random fluctuations, and the tests that were 
carried out were discarded as meaningless. 
Severe bowing of the element was observed 
after operation in region III, and temperature 
oscillations of “tens of degrees” are reported. 
It is suggested” that the boundary between 
regions I and II is DNB and that the disruption 
of a thin liquid film on the walls is responsible 
for the transition into region III. Table II-7 
gives steam-mass and linear velocities at a 


view for the sake of completeness. The reader 
may wish to consult Vol. 4, No. 1, of this 
journal to review the steam- or spray-cooled 
concept. The report”’ contains considerable in- 
formation relating to corrosion of Zircaloy and 
stainless steel in dynamic, two-phase tests, 
mixing of the two phases at coolant-channel 
inlets, etc., but only the burnout material is 
considered here. Approximately 1700 burnout 
measurements were made, both in round tubes 
and in heated annuli, with either the inner or 
the outer, or both, annulus walls being heated. 
Data on the round and annular test sections are 
given in Tables II-8 and II-9. These experi- 
ments were performed by CISE at the Emilia 
power plant in a 1-Mw test loop. Most of the 
data were taken at 1000 psia, although runs 
were made at 600, 800, and 1200 psia for com- 
parative purposes. In general, the shape of the 
plots of burnout heat flux vs. quality are as 
shown in Fig. II-8, and the same three regions 
are noted (except they are numbered in the 


Table II-9 PHYSICAL DIMENSIONS AND RANGE OF BURNOUT FLOW CONDITIONS 
TESTED IN ANNULAR TUBES?’ 








Channel Channel Mass 
outside inside Hydraulic Heated velocity Burnout 
Element Surface diam., diam., diam., length, (G), quality 
No. heated cm cm cm cm L/D g/(cm’) (sec) (X), % 
05 External 1.00 0.50 0.50 58.8 117 116-349 18—85 
03 External 1.00 0.30 0.70 58.8 84 111-457 13-78 
85 External 0.825 0.50 0.325 51.5 158 100-380 18-93 
85 Internal 0.825 0.50 0.325 51.5 158 100—293 25-79 
85 Bilateral: 
Burnout at 
internal 
surface 0.825 0.50 0.325 51.5 158 100—293 21-86 
Burnout at 
external 
surface 0.825 0.50 0.325 51.5 158 99—380 19-87 
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Fig. II-9 Typical burnout-heat-flux data, 1000 psi.”” 
Case A: G/10° = 0.81 lb/(hr)(sq ft). Case B: G/10° = 
1.07 lb/(hr)(sq ft). Case C: G/10® = 1.10 lb/(hr)(sq ft). 
Case D: G/10® = 1.63 Ib/(hr)(sq ft). Case E: G/10° = 
2.19 lb/(hr)(sq ft). Case F: G/10® = 2.82 lb/(hr)(sq ft). 


reverse order). Typical data are shown in Fig. 
II-9; it can be noted that, at several values of 
the mass velocity, the ¢g5 curves go through a 
maximum in heat flux. It is stated”’ that this 
maximum is believed to coincide with a change- 
over in flow regime from fog flow to a different 
flow pattern at the test-section inlet. The mag- 
nitude of the maximum depends on mass ve- 
locity, pressure, and L/D and is higher for 
smaller values of L/D. At high qualities the 
effect of increased pressure appeared to bea 
decrease in ¢g9, other variables being held 
constant. Annular tubes that were heated ex- 
ternally gave results comparable to the cor- 
relation for round tubes (when the hydraulic 
diameter was used); heating from the inner 
tube of the annulus resulted in the lower burn- 
out heat fluxes. Reference 27 suggests that an 
important consideration in design is not only 
the burnout heat flux but ensuring that the 
quality never gets into the region correspond- 
ing approximately to region II in Fig. II-8. 
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Additional burnout test data on a seven-rod 
test section are given in reference 28. The 
program was reviewed in Power Reactor Tech- 
nology, Vol. 5, No. 1. The recently published 
data are from a test section using ceramic 
tubing as spacers between the rods and are 
compared with data taken when spiral wires 
were used as spacers. In general, the burnout 
heat flux was lower when the ceramic spacers 
were used. 


Short Notes 


The subject of two-phase pressure drop has 
been treated in references 29 to 31. Reference 
29 suggests that the well-known Martinelli- 
Nelson pressure-drop correlation corresponds 
to friction multipliers for mass velocities of 
approximately 0.6 x 10° 1b/(hr)(sq ft), although 
the reference concludes that mass-velocity cor- 
rection parameters cannot be recommended 
until more data are available. A previous ref- 
erence’ assumes that the Martinelli-Nelson 
curves represent the true two-phase friction- 
factor multiplier for a mass velocity of 1 x 10° 
lb/(hr)(sq ft). Reference 30 presents data on 
pressure drop and liquid holdup for air-water 
mixtures in annular flow in a 1'/-in. pipe and 
compares the data to appropriate correlations. 
Reference 31 reports pressure-drop data for a 
25-rod fuel bundle that employs helical spring 
spacers deployed between the rods. References 
33 and 34 are concerned with steam-void- 
fraction measurement— reference 33 deals with 
a test loop, whereas reference 34 discusses the 
use of activation of cobalt wires in measuring 
void fractions in the Experimental Boiling- 
Water Reactor (EBWR). References 35 to 39 
are primarily mathematical treatments of di- 
verse reactor heat-transfer problems. 
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Transients in a 
UO.-H.O Reactor 


Until recently the experimental investigations 
of self-limiting reactivity excursions in the 
Special Power Excursion Reactor Test (SPERT) 
program have been confined to water-moderated 
reactors that employ highly enriched fuel ele- 
ments. Although these studies have exposed the 
general characteristics of reactor self-shutdown 
and have given results that are rather directly 
applicable to research reactors and to some 
other types of highly enriched reactors, ex- 
ploration of the field of self-limiting transients 
in low-enrichment, oxide-fueled reactors (of 
particular interest for the power-reactor de- 
signer) has begun only recently. The SPERT 
Quarterly Technical Report! for April, May, 
and June 1961 gives the results of the first 
tests on an oxide-fueled core in the SPERT-I 
reactor. Later results were reported at the 
1961 winter meeting of the American Nuclear 
Society. *2 

The reactor core used for the tests was made 
up of rod type fuel elements that had previously 
been used for the N.S. Savannah critical experi- 
ment program. The elements were approxi- 
mately 6 ft long and consisted of stainless- 
steel tubes with a 0.5-in. outside diameter and 
a 0.028-in. wall thickness; each tube contained 





*Editor’s Note: Two other recent reports that 
cover the oxide core investigation are F. Schroeder 
(Ed.), Quarterly Technical Report Spert Project, 
July, August, and September 1961, Report IDO-16726, 
Phillips Petroleum Company, Dec. 15, 1961,and A. H. 
Spano et al., Self-Limiting Power Excursion Tests of 
a Water-Moderated Low Enrichment UO, Core in 
Spert-I, Report IDO-16751, Phillips Petroleum Com- 
pany. 
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1600 g of 4 per cent enriched UO, powder that 
was compressed to an effective density of 9.45 
g/cm®. The UO, was not sintered after compac- 
tion in the fuel tubes. The core contained 592 
fuel rods which were arranged ina square lattice 
with a center-to-center spacing of 0.663 in. 
This yielded a core with a 19-in. equivalent 
diameter and a length-to-diameter ratio of 3.7. 
The uniform void coefficient of reactivity, de- 
termined experimentally, was —0.024 cent/cm’ 
of void, or —0.39 cent per per cent decrease in 
moderator density. The temperature coefficient 
of reactivity, for uniform heating of the mod- 
erator, varied from approximately —0.25 cent to 
-—2.4 cents/°C over the temperature range from 
18 to 85°C. 

The effects of both step and ramp inputs of 
reactivity were investigated* in the unpres- 
surized reactor at an initial temperature of 
approximately 2U~C. As inthe case of previously 
tested reactors, the results of the step- and 
ramp-induced excursions were nearly the same 
when compared at equal values of the minimum 
exponential period reached during the excursion. 
For minimum periods longer than about 100 
msec, the power excursion consisted of a single 
burst, but, as tests were made at shorter pe- 
riods, a secondary peak (and in some cases two 
or more secondary peaks) was observed. The 
time interval between peaks was roughly con- 
stant. This multiple excursion behavior was 
traced to bowing and subsequent vibration ofthe 
long fuel rods, which in the initial tests were 
supported only at the ends. The bowing was 
observed photographically’ and was later elimi- 





*A review of other recent SPERT results was given 
in the December 1961 issue of Power Reactor Tech- 
nology, Vol.5, No. 1. It treats the general features of 
typical test results in some detail and may be helpful 
as an introduction to the present review. 
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nated by the installation of supports at inter- 
mediate points on the fuel rods. This modifica- 
tion eliminated the secondary power peaks. 


The maximum power reached during the step 
transients is presented in Fig. III-1 as a func- 
tion of the reciprocal period of the transient. 
Points are shown for both the initial (uncon- 
strained) core and for the core after the 
intermediate supports had been installed. The 
figure shows that the bowing of the fuel rods 
not only caused multiple power peaks but 
increased the maximum power reached in ex- 
cursions in the intermediate range of reciprocal 
periods. In the long-period range (small values 
of reciprocal period), the termination of the 
power rise is attributed to the decrease of 
moderator density; whereas, inthe short-period 
range, it is attributed primarily to Doppler 
broadening of the U’** resonances as the fuel 
elements heat up.” 


The shortest period test, in which the mini- 
mum exponential period was about 3.2 msec, 
was discussed by Spano and Stephan.’ In this 
excursion the maximum power reached was 
8400 Mw, and the total nuclear energy pro- 
duction was 114 Mw-sec. This excursion, which 
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Fig. II]-1 Maximum power vs. reciprocal period for 
self-limiting power excursions in a UO, core in the 
SPERT-I reactor. 





in magnitude of period and total energy release 
was quite comparable to the final, destructive, 
Boiling Reactor Experiment No. 1 (BORAX-I) 
excursion, produced no apparent damage in the 
oxide core. No sintering of the oxide powder 
was observed upon examination of the fuel ele- 
ments. It was estimated that the maximum 
temperature attained by the UO, was perhaps 
2000°C. 


It is shown in reference 1 that the short- 
period results for the oxide core fall between 
two previously obtained curves for aluminum- 
plate cores: (1) that for the B-12/64 core and 
(2) that for the P-18/19 core.* The shutdown 
mechanism is, however, quite different for the 
oxide core; it is important to recognize that the 
“self-protection” of the oxide core depends upon 
the availability of a relatively large Doppler 
coefficient and a substantial fuel temperature 
margin. The characteristics of the core that 
was tested appear to be such as to make the 
Doppler shutdown mechanism quite effective. 
On the one hand, the relatively low moderator- 
to-fuel ratio used? probably gives a rather low 
resonance escape probability, assuring that P ess 
will be reasonably sensitive to the Doppler 
broadening of U?** resonances; whereas, on the 
other hand, the rather high enrichment of the 
fuel gives a relatively short effective neutron 
lifetime (1/8 = 3.7 msec) so that the amount of 
excess reactivity represented by the 3.2-msec 
period is not extremely high, amounting to 
about 1 dollar and 16 cents above prompt criti- 
cal. The poor conductivity of the UO,, which is 
a liability if shutdown must be effected by heat- 
ing or boiling of the moderator, becomes an 
asset if Doppler broadening can be counted on 
for shutdown because it limits the rate at which 
the nuclear energy released can be transferred 
to the fuel-element jacket and to the water; thus 
it tends to avoid jacket melting and the violent 
production of steam. The removal of excess 
reactivity by the Doppler effect depends, of 
course, upon the ability of the fuel elements to 
stand a large increase in temperature. If the 
elements are already very hot, as they might be 
if the reactor were operating at high power at 
the time of the reactivity increase, then a safe 





*The characteristics of these reactors are given in 
reference 3. 


+The lattice spacing is equivalent to an H,O-to-UO, 
volume ratio of 1.73 for UO, of density 10.4 g/cm’. 
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extra margin of temperature increase might not 
be available even with the oxide fuel. 


Laboratory Studies 


Reference 4 is the 1960 annual summary 
report of the work on kinetics of heterogeneous 
water reactors by Spate Technology Labora- 
tories, Inc. This work treats the dynamic 
behavior of reactors of the SPERT type by 
laboratory investigation of the thermal and 
hydrodynamic behavior of single coolant chan- 
nels. Attention has been directed toward the 
SPERT-IA core, a parallel-plate core that has 
fuel plates of high thermal conductivity. Both 
transient and steady-state mockups have been 
made of single coolant channels with suitable 
associated coolant systems. The walls of the 
coolant channels are electrically heated, and 
provision is made for evaluation of the change 
in effective density of the water in the channel 
(by X-ray attenuation in the steady-state case 
and by a volume transducer in the transient 
case). The density change may be fed back, via 
an electronic reactor-kinetics simulator, to 
control the electric power input to the coolant 
channel. The reactor is thus simulated by the 
thermal-hydrodynamic behavior of a_ single 
coolant channel plus electronic simulation of 
the neutron kinetics. The reactivity feedback 
can, of course, be eliminated at will to permit 
investigation of the dynamics of the coolant 
channel alone under various conditions of power 
input. 


The transient investigations that have been 
reported have reproduced some of the charac- 
teristics observed in the SPERT-IA reactor 
(although most of the tests were made with a 
coolant channel that was known to be deficient) 
in that thermal expansion of the channel walls 
produced an increase, rather than a decrease, 
in the amount of water in the channel. The 
steady-state investigation treated mostly the 
power-flow and power-void transfer functions 
of the coolant channel, the effects of wall 
surfaces on bubble nucleation and stability, and 
the distribution of steam voids within the chan- 
nel. The work is not at a stage to be of direct 
use to the reactor designer but it illuminates 
some of the aspects of the dynamic behavior of 
water-moderated reactors and will have con- 
siderable interest for those concerned with the 
fundamentals of that subject. 
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Dynamics of EBR-I 


The dynamic behavior of the Experimental 
Breeder Reactor No. 1 (EBR-I), the first nu- 
clear reactor to produce electric power (1951), 
has been under investigation for a number 
of years. Early observations of the reactor 
operating characteristics disclosed a “prompt” 
positive component of the power coefficient of 
reactivity, although the net long-term power 
coefficient was negative because of a larger 
and delayed negative component. Later tests 
showed that operation of the reactor at reduced 
coolant flow and reduced power, with a large 
temperature rise across the core, could lead 
to power oscillations of approximately 30-sec 
periods if the control system were not manipu- 
lated to counteract them. At a still later date 
(1955), measurements of the reactor transfer 
function showed a power resonance at a fre- 
quency in the range 0.03 to 0.1 cps, the fre- 
quency increasing with increasing coolant flow 
rate. These peculiarities gave no troubles 
during normal operation, and the reactor was 
operated in a routine way until 1955. During 
this period the original (Mark I) core was 
replaced by a second core (Mark II) which 
differed slightly in that stiffening ribs on the 
fuel-element jackets were omitted. Most of the 
more precise observations on the dynamic 
behavior were made with the second core, and 
the general impression was that the undesirable 
features of the behavior were somewhat accen- 
tuated in the second core, although there were 
no strictly comparable dynamic tests on the 
two cores. During an investigation of the posi- 
tive power coefficient of reactivity, with the 
coolant flow shut off, the power excursion was 
accidentally allowed to proceed too far, and the 
Mark II core was melted. This 1nishap focused 
attention on the dynamic characteristics of the 
core, and, at the same time, it removed the 
possibility of subjecting the core to further 
experimental investigation. Since that time in- 
vestigation has proceeded along two paths: (1) 
analysis of the existing data on the Mark II 
core and (2) experimental investigation and 
analysis of a new core (Mark III) that was spe- 
cifically designed to eliminate the character- 
istics that were thought to have caused the 
undesirable features of the Mark II behavior. 
References 6 and 7 summarize the conclusions 
drawn from this work. It is worth while to re- 
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view these conclusions in some detail; they show, 
on the one hand, that the behavior ofthe reactor 
is understandable in principle, and they illus- 
trate, on the other hand, the extremely detailed 
mechanical and thermal considerations that must 
be taken into account to predict the dynamic 
behavior of small, highly leaky fast reactors. 
The reactor structure and the coolant-flow 
path associated with the Mark II core are 
shown schematically in Fig. III-2. The reactor 
proper consists of a hexagonal core region that 
contains a lattice of fuel rods surrounded by a 
blanket region containing a lattice of larger, 
natural-uranium blanket rods. Both fuel and 
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blanket rods consist of uranium metal rods that 
are jacketed with stainless steel, withathermal 
bond of NaK between the uranium andthe jacket. 
The uranium in a fuel rod has a diameter 
of 0.384 in.; the highly enriched segment is 
8‘, in. long and is between natural-uranium 
upper and lower blanket sections that are 7'/, 
and 4'/, in. long, respectively. Both fuel and 
blanket rods have long upper extensions of 
stainless steel which serve as handles for 
installing and removing the rods. The rods are 
positioned at the bottom of the reactor bya grid 
plate and at the top by a series of plates (Fig. 
III-2), each of which has the characteristics ofa 
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Ill-2 Schematic view of EBR-I structure.® 
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Fig. III-3 EBR-I lower shield plate.® 


grid plate. The bottommost of these upper 
plates (called the lower shield plate) is shown 
in Fig. III-3. The extension handles on the fuel 
rods are roughly triangular in cross section 
over the length that penetrates the lower shield 
plate so as to allow room for passage of the 
NaK coolant (Fig. III-4), As indicated in Fig. 
III-2, the coolant makes a double pass through 
the reactor, flowing downward through the 
blanket and upward through the core. The two 
passes are separated by a flow divider that 
extends from the seal plate to the bottom grid 
plate. The temperature rise across the reactor 
during operation is approximately 100°C. The 
central (core) portion of the lower shield plate 
will, therefore, under steady power conditions, 
be approximately 100°C hotter than the outer 
portion, and there will be a temperature dif- 
ference of some 100°C between the upper and 
lower faces of the outer portion of the seal 
plate. 


A typical cross section through one of the 
holes in the shield plate is shown in Fig. III-4, 
the clearances between a fuel rod and the sev- 
eral grid plates are indicated in part a of Fig. 
IlIl-5. Part a of Fig. III-5 illustrates the situa- 
tion in which the fuel rod is assumed to be cen- 
tered in all the grid-plate holes at room tem- 
perature and with no power production. When the 
temperature of the coolant is raised, say to the 
operating level of 150°C, the grid plates ex- 


pand but the fuel rods do not necessarily move 
until the expansion has become great enough to 
close the clearance on one side of the rod. The 
situation after such a temperature increase, 
with no power production, might be as in part } 
of Fig. III-5. At the time the reactor begins to 
produce power, the temperature of each fuel 
rod (except the center one) will be slightly 
higher on the side facing the center of the core 
than on the side facing the periphery of the 
core; this is caused by the radial dropoff of the 
neutron flux. This causes a bowing of the fuel 
rod, convex toward the reactor center line, 
which could conceivably cause the effective 
position of the rod (insofar as it affects reac- 
tivity) to move either toward or away from the 
reactor center, depending upon the restraints 
imposed by the several gridplates. The analysis 
of reference 6 has indicated that a typical fuel- 
rod configuration would be that shown in part c 
of Fig. III-5, in which the bowing has been 
sufficient: to close the outer clearance on the 
bottom grid plate and the uppermost (third) 
shield plate. Once these clearances have been 
closed, any further bowing of the rod moves 
fuel toward the center of the reactor and causes 
a reactivity increase. This mechanism can ac- 
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Fig. Ill-4 Horizontal cross section through lower 
shield plate and rod handle,® EBR-I. 
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Fig. I1]-5 Typical bearing points of EBR-I fuel rods under various conditions of temperature and 
power.® (Clearances and curvatures are greatly exaggerated.) 
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count for the observed positive power coefficient 
of reactivity. It is to be noted that, because of 
the temperature differential between the upper 
and lower faces of its outer region, the seal 
plate buckles slightly under power operation. 
Since the temperature of the core section of the 
lower shield plate has increased as power has 
increased, there will be a radial expansion of 
its central grid (i.e., the core section, Fig. III-3) 
which will tend to move the tops ofthe fuel rods 
away from the core center line and thus decrease 
reactivity. This will result in a negative power 
coefficient of reactivity, but the coefficient will 
be a delayed one since the temperature of the 
lower shield plate can be raised only by heat 
transferred to it from the flowing coolant. This 
is in contrast to the positive coefficient, which 
results directly from the fuel-rod temperature 
distribution and which may therefore be consid- 
ered “prompt.” The magnitude of the shield- 
plate expansion is, of course, affected by the 
fact that the heated, central grid portion of the 
plate is restrained by the massive peripheral 
ring, which remains in contact with the cold 
inlet coolant. Measurements on a duplicate of 
the actual lower shield plate indicate that the 
central portion expands approximately 75 per 
cent as much as though it were not restrained. 

There is a further effect due to the buckling 
of the lower shield plate itself which occurs 
when reactor power is changed. At the time a 
power increase occurs, the outlet coolant tem- 
perature increases, and, eventually, the tem- 
perature of the lower shield plate must increase 
correspondingly. Since the plate is relatively 
massive, the coolant will lose a fraction of its 
extra heat in passing through the holes in the 
plate. Consequently, for a short time after the 
power increase, the lower face of the plate will 
be hotter than the upper face, and differential 
expansion will cause the plate to assume a dished 
shape, convex downward (part d of Fig. III-5). 
Conversely, if the reactor power is reduced, 
the plate will, for a short time thereafter, 
assume a dished shape, convex upward (part e 
of Fig. IlI-5). Thus, if the power of the reactor 
is oscillated, there will be an inward and out- 
ward rocking of the tops of the fuel rods as the 
lower shield plate assumes alternately one 
configuration and then the other. The resulting 
reactivity coefficient will be related to the rate 
of change in reactor power rather than to the 
power level and will be negative in sign—that 
is to say, a positive rate of change of power will 


cause a reduction of reactivity. This dishing of 
the lower shield plate has been demonstrated 
experimentally by preferential heating of one 
side of the plate in the laboratory. 

This mechanical analysis of the core has 
demonstrated the existence of three power 
coefficients of reactivity: (1) a prompt positive 
coefficient due to fuel-rod bowing, (2) a delayed 
negative coefficient due to radial expansion of the 
lower shield plate, and (3) a delayed negative 
coefficient due to flexing of the lower shield 
plate. The first two ofthese are related to easily 
observable characteristics of the reactor. The 
first must be of such a magnitude as to explain 
the observed positive power coefficient of reac- 
tivity. The second must be larger than the first 
since it is known that the steady-state power 
coefficient of reactivity was negative and since 
the second component is the only negative com- 
ponent that has been recognized as being effec- 
tive at steady power. A more detailed analysis 
is required to relate all three ofthe coefficients 
to the dynamic behavior of the reactor. Thishas 
been attempted in reference 6. The measured 
transfer function of the reactor with the MarkII 
core has been analyzed in terms of three basic 
feedback processes which have been assigned 
individual transfer functions and time constants 
consistent with the mechanisms described above. 
The feedback processes resulting directly from 
fuel temperature changes (primarily the rod 
bowing, but also the axial and radial fuel ex- 
pansion and the expulsion of coolant from the 
core by thermal expansions) are lumped to- 
gether as “core” feedback processes and are 
characterized by a core time constant, T;» which 
is very nearly the thermal time constant of the 
fuel rods. Three time constants enter the trans- 
fer function for radial expansion of the lower 
shield plate: (1) the core time constant, (2) the 
transport lag associated with coolant flow from 
the core to the shield plate [7(w)], and (3) a 
time constant, 7,, that characterizes the heating 
of the plate by heat transfer from the coolant. 
The same set of time constants characterizes 
the flexing of the lower shield plate except that 
Tr is replaced by %, a “flexing” time constant 
that is different in magnitude (shorter) than 1, 
although it is determined by the same types of 
processes. 

A model of the type described above is con- 
sistent with the observed transfer functions of 
the reactor, and the time constants deduced 
from first principles appear also to be con- 
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sistent with the observed behavior, inasmuchas 
it was possible to reproduce the observed trans- 
fer function of the reactor reasonably well 
provided that assumed values were used for the 
coefficients of the three feedback terms. The 
reference’ tests the validity of the model by 
comparing the values of these assumed coeffi- 
cients (which may be regarded as having been 
deduced from the reactor transfer function) with 
those which would be calculated from first 
principles. The conclusion is that the deduced 
positive coefficient is reasonably consistent with 
the mechanical analysis but that the deduced 
negative coefficients are about three times as 
large as one would expect from the mechanical 
analysis. Oddly enough, if the mechanical analy- 
sis is modified by the assumption that the fuel- 
rod bowing is more pronounced, higher negative 
coefficients result; the handle extensions of the 
fuel rods are then forced into contact with the 
holes in the seal plate and those in the second 
and third upper shield plates. Thisinturn causes 
the expansion of the lower shield plate to work 
against a short lever arm and thereby amplifies 
the effect of its expansion on the movement of 
the fuel rod (part f of Fig. III-5). The reference 
concludes that sufficient amplification of this 
kind can be visualized to bring the mechanical 
analysis into agreement with the transfer func- 
tion of the reactor. 

These explanations of the behavior of the 
reactor with the Mark II core gain considerable 
support from the observed fact that the positive 
coefficient of reactivity and the tendency to 
oscillation were eliminated when the Mark III 
core was installed. Reference 7 describes the 
experimental and theoretical investigation of the 
Mark III core. This core’ is quite different from 
the Mark II in that the fuel rods are not sup- 
ported by grid plates but are assembled into 
hexagonal subassemblies of 36 rods each, con- 
tained within hexagonal stainless-steel tubes. 
Triangular adapters on the ends of the fuel rods 
fit into locating holes in a rod sheet at the 
bottom of the subassembly structure. Longi- 
tudinal external ribs on the rods actas spacers, 
and a tightening mechanism at the center of the 
subassembly forces the rods against each other 
and against the hexagonal subassembly wall. 
The mechanism can be tightened after the sub- 
assemblies are installed in the reactor, and it 
can be loosened for the removal of individual 
rods. The subassemblies, in turn, are held in 
a firmly packed array by core clamps around 
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the periphery of a form-fitting retainer ring. 
Two important effects of this construction are 
as follows: it restrains both the fuel rods and 
the subassemblies against bowing, and itcauses 
the core to behave, under radial thermal ex- 
pansion, more or less as a unit rather than as a 
collection of rods whose positions are deter- 
mined by interactions between the expansions of 
grid plate and fuel-rod—grid-hole clearances. 


It appears probable that reference 6 has 
carried the analysis of the Mark II core about 
as far as it can go without recourse to experi- 
ments that would be possible only if the core 
were still in existence. Although it has not been 
possible to derive, quantitatively, a transfer 
function that reproduces the amplitude charac- 
teristics of the observed transfer function, the 
time constants involved do appear to be under- 
standable, and possible reasons for amplitude 
discrepancies, although they are not removable, 
are certainly recognizable. The study has ap- 
parently accomplished its purpose by demon- 
strating that the behavior of the reactor did not 
involve any phenomena that are not under- 
standable and that the principles of predicting 
the power coefficients for fast reactors are 
well understood. 


Melting of Fast-Reactor 
Fuel Elements 


The initial experiments on the transient heat- 
ing of fast-reactor fuel elements inthe Transient 
Reactor Test Facility (TREAT) are reported in 
reference 9. TREAT is a special transient reac- 
tor that was built at the National Reactor Testing 
Station for experiments of this general type. 
The TREAT core consists of a nearly homoge- 
neous mixture of graphite and enriched uranium 
oxide which has high heat capacity. This reactor 
can be pulsed safely to produce high rates of 
transient heat generation in sample fuel elements 
installed in its test holes. The reactor and its 
characteristics are described in references 10 
to 16. 

Although TREAT may be used for the transient 
irradiation of various types of fuel elements and 
other samples, its major use, and the one for 
which it was particularly designed, is the investi- 
gation of fuel elements for fast-neutron reactors. 
The mode of failure of fuel elements in fast 
reactors and the phenomena associated with 
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failure are particularly important because of 
the conceivable possibility that an extensive 
meltdown of a fast-reactor core could result in 
the redistribution of fuel to form a super- 
critical mass. The experiments described inthe 
reference are directed basically at determining 
the mode of failure of two typical but markedly 
different types of fuel elements: (1) those of the 
Experimental Breeder Reactor No. 2 (EBR-II) 
and (2) those of the Enrico Fermi Fast Breeder 
Reactor (EFFBR). The experiments that were 
reported treated the failure of the elements 
when no coolant was present. The tests involved 
pulsing the elements to various known power 
levels, most of which were sufficiently high to 
cause failure of the element. The observations 
included the shape and magnitude of the power 
pulse, as inferred from the reactor power- 
measuring instruments; surface temperatures 
and, in some cases, internaltemperatures ofthe 
fuel elements; and postirradiation examination 
of the elements or their remains. A paper 
presented at the winter meeting ofthe American 


Nuclear Society'’ has also described sometests 


in which the behavior of the element was ob- 
served by a motion-picture camera through a 
transparent window in the test capsule. 

The EBR-II fuel element consists of a ura- 
nium alloy pin that is 0.144 in. in diameter by 
14.22 in. long, canned in a type 304 stainless- 
steel tube with a 0.009-in. wall, with a sodium 
bond between the fuel pin and the can. The bond- 
ing sodium normally fills the tube to a level 
approximately 0.6 in. above the top of the fuel 
pin, and a void space, approximately 1 in. long, 
is left above the sodium level. The EBR-II and 
its fuel element have been described in Power 
Reactor Technology, Vol. 1, No. 3, June 1958, 
and Vol. 4, No. 4, September 1961, and in ref- 
erences 18 and 19. 

The EFFBR fuel element consists of a 0.158- 
in.-diameter uranium-molybdenum alloy fuel 
pin, clad with 0.005-in.-thick zirconium. The pin 
and cladding ‘are metallurgically bonded. The 
EFFBR and its fuel elements are described in 
reference 20. 

The EBR-II fuel elements are approximately 
18 in. long; full-length fuel elements were used 
for the tests. The EF FBR fuel elements, which 
are approximately 32 in. long, were represented 
by half-length fuel elements inthe TREAT tests. 

Several different typical characteristics of 
the EBR-II fuel-element behavior were ob- 
served, depending upon the maximum tempera- 


ture reached by the jacket during the test. These 
tests were, of course, excursion tests of short 
duration (the TREAT reactor can give power 
bursts of variable duration from about 0.2 to 
30 sec), and the observed behavior of the test 
elements must be considered as typical of such 
conditions. In general the EBR-II fuel element 
did not suffer any damage if the outer cladding 
temperature did not exceed approximately 
960°C. In this temperature range* the sodium 
bond did, however, boil locally, and some of the 
sodium was expelled from its normal position 
upward into the void space near the top of the 
element, leaving unbonded regions which might 
have caused harmful overheating of the fuel pin 
if the element had subsequently been used in an 
operating reactor. 


The temperature region above 960°C, and up 
to 1000°C, was characterized by the formation 
of areas of stainless steel—uranium alloy. The 
alloy formation was accentuated at pressure 
contact points, particularly when contact was 
increased by warping of the fuel element. Pene- 
tration of the jacket would sometimes occur and 
sometimes it would not, depending upon the 
presence of sufficient pressure contact points 
between the uranium and cladding surfaces. 

Failure of the element always occurred at 
jacket temperatures between 1000 and 1015°C. 
The stainless steel—uranium alloy would pene- 
trate the cladding and then be forced out (but 
not violently) by the pressure of vaporizing 
sodium. Under the effect of gravity and the 
sodium vapor pressure, the alloy tended to flow 
downward; this increased the contact time be- 
tween uranium and cladding and led to ex- 
tensive dissolution of the cladding. 


Above 1015°C, failure of the fuel element was 
violent. The rapidly vaporizing sodium developed 
a high pressure which forced the uranium out of 
the element and ejected it laterally aad, occa- 
sionally, upward. At considerably higher tem- 
perature (1250 to 1400°C), jacket penetrations 
occurred at a number of places along the length 
of the element. When the element was vented at 
the top, to prevent a pressure buildup, the ura- 
nium was sometimes driven upward by the force 
of vaporizing sodium trapped at the base of the 
element. The venting tended to reduce the 





*The melting point of uranium is 1133°C; the boil- 
ing point of sodium, at atmospheric pressure, is 
881°C. 
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violence of the failure by preventing the buildup 
of high pressures. When the sodium bond was 
purposely omitted from the experimental ele- 
ments, a quiet meltdown characteristic re- 
sulted. The fuel melted and flowed downward 
inside the jacket and ultimately dissolved large 
portions of the cladding near the base of the 
element. 


When the refractory metals tantalum and 
niobium were substituted for the stainless 
steel in the EBR-II fuel-element jackets, the 
maximum temperature attainable before failure 
increased from about 960 to about 1400°C. When 
failure did occur, the uranium was ejected from 
a very localized penetration and, in general, all 
of it left the confines of the jacket during the 
excursion. The jacket was not extensively dis- 
solved. 


In the case of the EF FBR fuel elements, con- 
siderable fine surface cracking and warping of 
the fuel element occurred, without failure, at 
temperatures below about 1300°C. In one such 
case some of the fuel alloy dribbled out through 
one of the cracks in the cladding. At higher 
temperatures failure occurred by what seemed 
to be a simple solution of the cladding. The fuel 
dissolved large portions of the cladding, es- 
caped, and flowed downward to the bottom ofthe 
test capsule without evidence of violence. 


Reference 20 states that the typical high- 
temperature failure of the sodium-bonded ele- 
ments, in which all the fuel is expelled rapidly 
through a penetration near the hottest point in 
the fuel pin, suggests a mechanism by which a 
supercritical assembly might conceivably be 
formed in the course of a fast-reactor accident. 
It also states that extensive theoretical work is 
under way to see whether such a phenomenon 
could lead to a dangerous rate of reactivity 
insertion in EBR-II. 
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Power Reactor Technology 





The Elk River Reactor 


This summary of the Elk River reactor design 
is the third in a series of power-reactor design 
summaries (see Power Reactor Technology, Vol. 
4, No. 3, for the Yankee Nuclear Power Station, 
and Vol. 4, No. 4, for the Dresden Nuclear 
Power Station). The Elk River reactor is being 
constructed under a contract between the Rural 
Cooperative Power Association (RCPA) and the 
AEC. The data given here are from the Final 
Hazards Report! (including its additions and 
corrections) and from Vol. II of the Operations 
Manual.” Additional information can be found in 
reference 3. 

The Elk River reactor is designed to operate 
initially as a natural-circulation, light-water- 
boiling, indirect-cycle system; the secondary 
steam is fed to a coal-fired superheater and 
then to the turbine-generator unit. Permanent 
features of the plant have been designed for a 
future doubling of the reactor output from 58.2 
to 116.4 Mwi(t). 

As a partial consequence of this allowance 
for a future power increase, much latitude has 
been incorporated into the plant design. For 
example, the reactor pressure vessel has four 
16-in. nozzles which will be capped during 
initial operation but which can be used in future 
operations for forced-circulation inlet and out- 
let connections (i.e., two loops are provided). 
Also, considerable flexibility has been in- 
corporated in the core design. The space in the 
core plate and core shroud structure accom- 
modates 164 fuel assemblies, but only 148 fuel 
assemblies will be used during initial operation. 

The following three features give added lati- 
tude within each fuel assembly: (1) the stain- 
less-steel cladding contains 602 ppm natural 
boron, (2) the center fuel-rod position of each 
fuel assembly can be filled with either a fuel 


rod or a boron rod, and (3) besides the 148 
regular fuel assemblies that are enriched 4.3 
per cent in U** (see definition of enrichment 
below), 22 fuel assemblies are available which 
are enriched to 5.23 per cent (“spiked” as- 
semblies). These spiked assemblies are on 
standby if needed to meet reactivity design re- 
quirements at any time between initial startup 
and the attainment of a selected fuel burnup 
(about 10,000 Mwd/ton). 

The reactor will probably be the first in- 
direct-cycle boiling reactor to go into operation 
and the first boiling reactor to use ThO,-UO, 
fuel on a long-term basis (the BORAX-IV core 
used ThO,-UO,, but long life was not an ob- 
jective). 


Fuel Rods 


The basic fuel used in the fuel assemblies is 
a mixture of thoria (ThO,) and urania (UO,) en- 
riched to 93.5 wt.% in the U** isotope. There 
are 148 regular fuel assemblies and 22 spiked 
fuel assemblies; the enrichment for the regular 
fuel is 4.3 per cent and for the spiked fuel is 
5.23 per cent, where the enrichment of the 
thoria-urania mixture is defined as the follow- 
ing weight ratio: 


(U5) as metal 
(Th + U2*> + 238) as metal 





If the spiked assemblies are not required at 
initial startup, all 148 fuel-assembly positions 
will contain the 4.3 wt.% fuel. The thoria- 
urania mixture is in the form ofa solid solu- 
tion. Pellets that are 95 per cent of the theo- 
retical density are obtained by pressing a 
mixture of ThO, and UO, powder, combined with 
a binder, which is then sinteredinair at 1700°C. 
The mixture has a melting point of about 5900°F. 
The pellets are cylindrical, having a nominal 


33 








34 POWER REACTOR TECHNOLOGY 


outside diameter of 0.407 in. and a length of 


0.500 in. A type 304 stainless-steel tubular . 


jacket that contains 602 ppm natural boron is 
used to encase 120 of these cylindrical pellets 
to form a fuel rod (fuel pin) with an over-all 
length of approximately 62 in. 


Total number of fuel 3700* 
rods in core 
Total fuel-rod length 62 in. 


Length of thoria-urania 60 in. 
in each fuel rod 
Outside diameter of 

fuel jacket 
Pellet dimensions 


0.450 in. 


0.407 in. in diameter x 
0.500 in. long 
Number of pellets 120 
per fuel rod 
Total number of 
pellets in core 
Pellet density 


About 4.4 x 10° 


94% of the theoretical 
density 

Type 304 stainless steel 
containing 602 ppm 
natural boron; 0.020- 
in. wall thickness 

0.0444 


Jacket material and 
thickness 


Jacket thickness-to- 
diameter (OD) 
ratio 

Pellet-jacket clearance 
(nominal) 

Additional gas space 


0.0015 in. on radius 


Approximately 1 in. at 
the top of each fuel 
rod 

Filling gas Helium 


Fuel-Element Assemblies 


A fuel-element assembly (Fig. IV-1) is com- 
posed of 25 fuel rods that are arranged ina 5 x 
5 array. The spacing between the rows of fuel 
rods in each individual assembly is maintained 
by two spacers, each located about 20 in. from 
either end of the fuel rods. These spacers, 
shown in outline in section B-B, Fig. IV-1, are 
fabricated by spot welding with type 304 stain- 
less steel. End fittings for each fuel-rod jacket 
are designed to protrude through upper and 
lower support plates (grids). The upper support 
plate is welded into a top alignment box, and 
the lower support plate is welded into a bottom 
nozzle. A shoulder-and-nut arrangement on the 





* There are 148 fuel assemblies; the middle fuel 
rod of each assembly is interchangeable with a bo- 
rated stainless-steel rod that may be used for initial 
control flexibility. 


protruding fuel-rod end fittings allows the fuel 
rods to move in an axial direction, sliding 
freely in the fuel-assembly support plates, thus 
allowing for variations in axial thermal expan- 
sion of the individual fuel rods within each as- 
sembly. The top alignment box is free to move 
vertically in the fuel-assembly-alignment grid 
structure, allowing freedom of movement for 
the fuel rods relative to the distance between 
the upper and lower fuel-rod support plates. 
Flat springs, made by cutting and bending the 
top box of each fuel assembly, maintain the 
radial alignment of the upper ends of the fuel 
assemblies. Flow loop tests on prototype ele- 
ments with lead replacing fuel were done to in- 
vestigate the stability of the tubes and their 
tendency to vibrate under boiling conditions; no 
visible vibration was discernible. The center 
rod of each fuel assembly is interchangeable 
with a borated stainless-steel rod, which is 
used for control of initial reactivity and flatten- 
ing. In the fuel-enrichment calculations, it was 
assumed that 40 per cent of the fuel assemblies 
contained the borated rods. Individual fuel as- 
semblies are not sheathed. There are 164 fuel- 
assembly positions in the core; 16 of these 
positions will be occupied by dummy fuel as- 
semblies to prevent coolant bypass of the 
operating assemblies. The 16 extra positions 
are available for operating assemblies if they 
are needed to meet future design requirements. 


Total number of fuel 148 
assemblies 

Number of fuel as~- 
semblies in core 
with regular fuel 

Number of fuel as- 
semblies in core 
with spiked fuel 

Number of fuel rods 25 
per assembly 


Between 126 and 148* 


Between 0 and 22* 


Center-to-center 0.75 in. 
distance between 
fuel rods 

Fuel-element lattice Square 


Approximately a 60-in.- 
diameter circle 


Pattern in core 
formed by all 148 
assemblies 

Over-all length of 
fuel assembly 


81°, in. 





* Spiked assemblies may not be needed at initial 
startup but may be needed at a later point in core life 
to permit a longer core lifetime. 
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Spiked Fuel-Element Assembly 


Fig. IV-1 


Two intermediate wire 
spacer grids, an up- 
per support plate, 
and a lower support 
plate 


Method of holding fuel 
rods 


Control Rods 


Thirteen boron—stainless steel cruciform 
control rods are mounted on the bottom of the 
reactor vessel. Their withdrawn position is 
above the core; therefore reactivity is decreased 
by their downward movement and increased by 
their upward movement. During normal opera- 
tion, one peripheral rod is used as a regulating 
rod and the remaining 12 areusedas shim rods. 


Number 13 

Material 2.0 wt.% natural boron 
in stainless steel 

Dimensions Cruciform, 14'4-in. 
span 

Active length 58 in. 


Except for peripheral 
assemblies, each 
four-assembly fuel 
cluster is surrounded 


Spacing to adjacent 
control rods 





Fuel-element assembly for the Elk River reactor.! 


by control-rod blades 
on all four sides 
45-in.-long, Zircaloy 
cruciform 
Bayonet coupling 


Followers 


Method of control- 
rod removal 

Upward motion of rod 

Control rods driven 
from 


Increases reactivity 
Below 


Core Structure 


The core structure (Figs. IV-2 and IV-3) isa 
5-ft right-circular cylinder that can accom- 
modate 164 fuel assemblies. The core is sup- 
ported by a 6-in.-thick core plate, which in 
turn is supported and held in place by a cylin- 
drical barrel that is fastened to the bottom head 
of the pressure vessel. There is an alignment 
hole in the core plate for the lower end of each 
fuel assembly; upper alignment is provided by 
a Zircaloy shroud structure that separates the 
entire length of the core into cells, each ac- 
commodating four fuel assemblies. The cruci- 
form control rods are guided into the spaces 
between the individual cells of this Zircaloy 
shroud structure. The control-rod guide and 
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shroud assembly is shown in Fig. IV-3. A 5-ft- 
high stainless-steel riser structure, plus a 
12-in. perforated riser extension, is located 
above and fastened to the Zircaloy shroud; the 
entire assembly is fixed to the bottom core 
plate. The 5-ft riser is divided into the same 
number of cells as the core shroud. 


14 ft 7, in. from the 
bottom of the core- 
plate support barrel 
to the top of the per- 
forated riser exten- 
sion 

Bottom support plate 
and cell type (four 
fuel assemblies per 
cell) Zircaloy shroud 
structure 

Frictionof flat springs, 
which are part of the 
top boxes of the fuel 
assemblies, bearing 
on upper part of Zir- 
caloy shroud struc- 


Dimensions 


Method of supporting 
fuel assemblies 


Fuel assembly hold- 
down 


ture 
Control rods guided Zircaloy shroud struc- 
by ture in core andriser 


structure above core 
Recirculating water is 
directed down the 


Coolant-flow guides 





Fuel and Control Program 


annular space be- 
tween the reactor 
pressure vessel and 
the outer surfaces of 
the riser and the core 
shroud structure; the 
flow down the annulus 
turns 180° at the bot- 
tom of the pressure 
vessel, flows through 
the lower fuel-as- 
sembly fittings, and 
upward past the fuel 
elements where the 
flow is divided, for 
clusters of four as- 
semblies each,by the 
Zircaloy shroud; the 
flow is then guided 
upward by the riser 
structure to the 
steam-water separa- 
tion point 


Approximately 40 per cent of the fuel as- 
semblies will have a boron rod in place of the 





center fuel rod at initial startup. It is planned 
to operate about 4750 Mwd/metric ton* (320 
days) with these boron rods in place. After this 
time the boron rods will be replaced by 4.3 per 
cent enriched fuel rods. The -reactor will then 
operate another 4750 Mwd/metric ton. The 
spiked fuel assemblies (if not required at initial 
startup) will then be used to extend the core 
lifetime beyond 9500 Mwd/metric ton. 


Boron rods (each of 60 
fuel assemblies con- 
tains a boron rod in 
center position) re- 
placed after 


320 days (4750 Mwd/ 
metric ton) 


640 days (9500 Mwd/ 
metric ton) 


9500 Mwd/metric ton 


Spiked fuel assemblies 
installed after 

Average fuel lifetime 
exposure 

>9500 Mwd/metric ton 
(dependent upon ef- 
fectiveness of spiked 
fuel program) 


9500 Mwd/metric ton 


Maximum fuel lifetime 
exposure 


Average fuel exposure 
between fuel- 
assembly replacement 


Burnable poison 600 ppm natural boron 


in the fuel cladding 


Positions of control Aperipheral control rod 


rods in fresh 
operating core 
(equilibrium xenon 
and samarium) 
Program of rod with- 


drawal as burnup 
proceeds 


Maximum-to- 
average power 
ratio 


Flattening method 





is used as a regulat- 
ing rod, whereas the 
remaining 12 are uti- 
lized as shims 


When the regulating rod 
has reached the end of 
its travel in compen- 
sating for fuel burnup, 
the shim rods will be 
positioned to keep the 
regulating rod in its 
proper operating 
range 


Spatial Distribution of Power 


3.45 


Boron rods are inter- 
changeable with the 
center fuel rod of each 
fuel assembly 


*Megawatt days per metric ton of thorium metal 


plus uranium metal. 


Heat Removal 


Average core inlet 
water velocity 
Central assembly 
inlet velocity 
Total coolant flow 
rate through core 
Primary steam flow 
Secondary steam flow 
Average steam quality 
at core exit 
Subcooling of flow 
to core 
Temperature of feed 
water to reactor 
Reactor (boiling) 
water temperature 
Primary outlet steam 
temperature 
Fraction of heat re- 
moved by tempera- 
ture rise 
Fraction of heat re- 
moved by boiling 
Number of passes 
Maximum heat flux 
Maximum fuel center- 
line temperature 
Average heat flux 
Average power density 
in core 
Specific power 


Equivalent fuel-to- 
cladding thermal 
conductance 


Pressure Vessel (Fig 


Materials 


Dimensions: 
Inside diameter 
Over-all inside 
height 
Shell thickness 
Cladding 
Weight (all internals 
including core) 
Operating pressure 


Design pressure 

Test pressure 

Material between 
core and vessel 
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5.3 ft/sec 

5.8 ft/sec 

27,000 gal/min or 1.02 x 
10° lb/hr 

258,000 lb/hr 

225,000 lb/hr 

0.028 (wt. fraction) 

24°F 

450°F (subcooler exit) 

536.5°F (936.5 psia) 

536.5°F 


0.14 


0.86 


pi 
313,000 Btu/ (hr) (sq ft) 
2819°F 


90,700 Btu/(hr) (sq ft) 
25.6 kw/liter 


14.6 Mw/metric ton of 
thorium + uranium 
907 Btu/(hr) (sq ft) (CF) 


. IV-3) 


A-302 grade B carbon 
steel with type 304 
stainless-steel inter- 
nal cladding 


7 ft 
25 ft 


3 in. 
0.109 in. 
200,020 Ib 


936.5 psia (initially); 
1168 psig (future) 

1250 psig 

1875 psig 

1-in.-thick stainless- 
steel cylindrical ther- 
mal shield with outer 
surface located ‘4 in. 


Maximum tempera- 


ture used in design 


of pressure vessel 
Maximum thermal 

stress expected on 

inner surface of 


vessel (due to gamma 


heating) 


Thermal-shock design 


limit 


Maximum vessel wall 
heating and cooling 


raie (except for 
emergencies) 
Nozzle schedule: 
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from pressure-vessel 
wall, extending from 
belowcore to near the 
top of the riser. A 
louvered ‘,-in. ther- 
mal-shock shield ex- 
tends from the top of 
the thermal shield to 
anelevation above 
the emergency-cool- 
ing-water spray rig 
650°F 


9060 psi 


vr 


35°F over a 15-sec pe- 
riod 
150°F per hour 





Nominal 
Title size, in. Quantity Location 
Head nozzles 12 + Top head 
Steam outlet 10 2 18 ft 10'/, in. 
above ves- 
sel bottom 
Feed-water 8 2 13 ft 0 in. 
inlet above 
vessel 
bottom 
Forced- 16 2 9 ft 4 in. 
circulation above 
outlet* vessel 
bottom 
Forced- 16 2 3 ft 0 in. 
circulation above 
inlet* vessel 
bottom 
Control-rod 4 13 Bottom head 
nozzles 
Liquid-level 1% 3 7'f in. below 
connections bottom of 
vessel; 18 
ft 10'/, in. 
above 
bottom of 
vessel; 








*Initially capped off. To be used in the future if 
forced circulation becomes necessary for operation 


at 116.4 Mwit). 











Nozzle schedule (Continued): 
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Nominal 
Title size, in. Quantity Location 
3rd nozzle 
14 ft 1 in. 
above bot- 
tom of 
vessel 
Emergency 14, 1 17 ft 444 in. 
cooling above 
nozzle vessel 
bottom 
Dome vent 1 1 Top head 
connection 
Liquid poison 21, 1 Lower 
inlet plenum 
below 
core 
Type of heads Elliptical 


Method of 
holding head 
on 


Bolted flange 


Reactor Instrumentation and Control 


Failed fuel-element 
detection 


Nuclear operating 
instruments and 
locations: 


For gross detection, a 


fission-product mon- 
itoring system is lo- 
cated in the off-gas 
system from the H»)- 
O, recombiner 


Two linear power 
channels 


Three high-flux 
safety channels 


sec. Range: 10°-10% 
(full power) neutrons / 
(cm?) (sec) 


Two compensated ioni- 


zation chambers, 
electrometer instru- 
ment. These instru- 
ments also supply 
signals to an alarm 
set at 140% of any set 
range (will also be 
used as an aid during 
startup due to their 
low range). Range: 
10°—108 neutrons/ 
(cm?) (sec) 


Three uncompensated 


ion chambers to 
scram reactor when 
flux exceeds a se- 
lected normal level. 
Alarm sounds at 10% 
above full power; pro- 
vides scram signal at 
125% of full power. 
Two out of three re- 
quirediv¢ scram dur- 
ing powe:i operation; 
one required during 
startup. Scram level 
can be adjusted to 
lower level for start- 
up. Range: 10’-10" 
neutrons/(cm?)(sec) 


These nine flux detectors are located in four 
holes which penetrate the biological shield. One 
hole is located approximately at the core hori- 
zontal center line, tangent to the outside of the 
These instruments reactor pressure vessel, and extending com- 
also supply signals to pletely through the biological shield. Four chan- 
interlocks which pro- nels (one log ”, one linear power, and two 
hibit rod withdrawal safety) are located in this hole. A similar hole 
when reactor period parallel to this one, but on the opposite side of 
is less than 7 sec. the reactor vessel, contains one log ” channel, 
Range: one set for | one linear power channel, one safety channel, 
10*-10° neutrons/ oe ; 

9 and one spare position. Two radial holes, ter- 
(em*) (sec) and one set : E 
minating at the pressure-vessel outer wall, 


for 10‘—10° neutrons/ 
(em?) (sec) each contain one startup BF; channel. 


Two compensated ioni- 
zation chambers, log- 


Two startup channels Two BF; proportional 
counters with scalers 
and logarithmic 


count-rate meters. 


Two log n channels 
Neutron-source strength Antimony rod encased 





arithmic amplifiers. 
These instruments 
also supply signals to 
interlocks which pro- 
hibit rod withdrawal 
when the reactor pe- 
riod is less than 15 





and location 


in beryllium. Source 
strength greater than 
10° neutrons/sec. 
The assembly is 31, 
in. indiameter and 


24 in. long. It is lo- 
cated in adummy fuel 


Control-rod drive 


Maximum rod with- 
drawal rate 


Scram time 


Liquid poison system 


Additional reactivity 
control 


Excess reactivity: 

Effect 

Cold to hot (68 to 
506°F) 

Doppler broadening 
due to power 
change from 0 to 
58.2 Mw (0 voids) 

Voids (0 to 17.6%) 

Equilibrium xenon 


Equilibrium samarium 


Change in boron pin 
temperature from 
68 to 506°F 

Design excess (to 
account for 
uncertainties) 
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assembly on the core 
periphery 
Rack-and-pinion type. 
Rod-drive motors, lo- 
cated in aroom below 
the reactor, are con- 
nected to the control- 
rod extensions by 
flexible shafts 
equipped with mag- 
netic couplings. The 
228-lb control rods 
will be scrammed 
under gravity when 
the magnets are de- 
energized. Accuracy 
of indicated position 
is +0.05 in. Total 
stroke is 56 in. 


1, in./sec 


2.5 sec (maximum) 

12 cu ft of boric acid 
under a 32-cu ft air 
cushion. An air com- 
pressor keeps _ the 
tank under 2000-psia 
pressure. If any con- 
trol rod does not hit 
bottom within 2.5 sec 
after scram signal, 
an alarm sounds and 
an operator must de- 
cide whether to use 
boric acid. 0.145 Ak 
total worth 

Boron rod replacing 
central fuel rod in 
40% of the fuel as- 
semblies. Boron con- 
tent incladding is 602 
ppm by weight 


Ak/k 
0.0113 


0.0026 


0.0230 
0.0171 
0.0069 
0.0107 


0.0159 





Fuel burnup 0.0800 
Shutdown safety 0.0624 
margin 
Total control 0.2299 
required 
Worth of control 
agencies: 
Rods with center 0.1490 
rod out 
Boron rods re- 0.0234 
placing central 
rods in 40% of 
assemblies 
Boron in cladding 0.0575 
Total available 0.2299 
control (12 control 
rods) 
Total available 0.2639 


control (13 control 
rods) 


Primary Coolant Circuit (Fig. 1V-4) 


Steam and water that leave the tops ofthe fuel 
assemblies pass upward through the core and 
riser shroud and separate at the reactor water 
surface. The water phase recirculates (by grav- 
ity) down the annulus between the reactor pres- 
sure vessel and the riser and core shroud; the 
water turns 180° at the bottom of the pressure 
vessel and is directed back upward through the 
fuel assemblies. Steam passes into the pres- 
sure-vessel steam dome and then out through 
two 10-in. nozzles. Each 10-in. steam line 
leads to a separate loop that begins with an 
8-in. T fitting with one 8-in. side capped but 
available for future expansion of the system to 
a 116.4-Mw(t) plant. The 8-in. line leads to the 
primary side of a steam generator where the 
primary steam is condensed by secondary water, 
thus producing saturated secondary steam to be 
fed to the separately (coal) fired superheater. 
The condensate collection level is above the 
reactor water level; thus primary condensate 
flows from the steam generator to a subcooler 
that cools the water to 450°F (86.5°F sub- 
cooled). This subcooled water is then intro- 
duced back into the annulus portion of the 
reactor, via a spray ring, where it mixes with 
and subcools the naturally recirculating water 
by 2.4°F before it reenters the bottom of the 
fuel assemblies. 


Number of independent 2 
loops (primary steam- 
condensate loops) 
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pa 


Steam Super Heater 
Pulverized Coal Fired 


Dry and Saturated 






























































Steam 700 psig 505.5°F 225,000 Ib/hr 
(91 3psig) (535.6°F) (208,000 Ib/hr) 
\ 
14.5 Mw(t) 
ilar 825°F | 600psig 
(1168 psig) 936.5 psia ° . 
(563.6°F) 536.5°F are) sree we 
(250,000 Ib/hr) || 258,000 Ib/hr 
(53.3 Mw(t)) 57.8 Mw(t) 
Steam Generator 
Turbine 22 Mw(e) 
536.5 °F y 45 8°F Generator Set eff=31% 
(563.6 °F) A (48 6°F) 
a 350°F 225,000 Ib/hr 
Sub-Cooler (350°F) (208,000 Ib/hr) 
, | 450°F 
(474°F ) 
Note: 
a ee, Figures in Parentheses Denote 
oy Future Operation 
Reactor 


Fig. I1V-4 Simplified flow diagram of primary coolant circuit for the Elk River reactor,! 


Number of steam 
generators per loop 

Number of pumps per 
loop 

Circulation rate per 
loop 

Method of pressure 
limitation 


Provisions for shut- 
down cooling 


Type of steam gen- 
erators (called evap- 
orator-condensers in 
reference 1) 


None 
258,000 lb/hr 


A dump valve to the 
emergency condenser 
opens at 1210 psig. 
There is also one re- 
lief valve ineach pri- 
mary steam loop, one 
set at 1240 psig and 
the other at 1250 psig 

After shutdown, reactor 
steam is bled to the 
emergency condenser 
until the reactor water 
temperature reaches 
250°F. A decay-heat 
cooling system is then 
used to lower water 
temperature to 120°F 

Horizontal U-tube type 
with gravity drain to 
a subcooler 





Size of steam 
generators 


Construction of 
steam generator 


Heat-transfer area 
of steam generator 
Design pressure of 
steam generator 
Test pressure of 
steam generator 
Operating pressure 
of steam generator 
Heat-transfer area 
of subcooler 
Design and test pres- 
sures of subcooler 
Materials (ASTM 
specification and 
grade): 


50-in. shell inside di- 
ameter, 23 ft 6 in. 
long, 1'/¢-in. shell 
thickness 

642 U tubes; /¢-in. 
triangular pitch; */- 
in. outside diameter x 
16 BWG wall, 8-in. 
shell inlet; 8-in. shell 
outlet, 14-in. channel 
inlet, 8-in. channel 
outlet 

4710 sq ft (70 sq ft of 
disengaging surface) 

1000-psia shell side; 
1250-psia tube side 

1500-psia shell side; 
1875-psia tube side 

715-psia shell side; 950- 
psia tube side 

369 sq ft (U-tube type) 


Same as steam genera- 
tor 


Steam generators: 


Shell 
Tubes 


Tube plate 
Other primary 
surfaces 
Subcooler: 
Shell 


Tubes 


Tube plate, 
headers 
Emergency 
condenser: 
Shell, water 
boxes, tube 


sheets, nozzles 


Tubes 
Startup heater: 
Water box, tube 
sheet, tubes, 
nozzles 
Shell side 
Piping 


Handling of leakage 
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A-212 grade B carbon 
steel 

Type 304 S.S., A-249 
(welded seam) 

A-105-Cl-2 steel 

Lined with type 304 S.S. 


A-106 grade B carbon 
steel 

Type 304 S.S., A-249 
(welded seam) 

A-105-Cl-2 steel 


A-285 grade C carbon 
steel (Monel clad on 
primary side) 

70% copper, 30% nickel 


Type 304 S.S. 


Carbon steel 
Primary water and 
steam type 304 S.S. 
Primary leakage is not 
expected to exceed 3 
gal/day. This leakage 
will drainto a collec- 
tion tank and can be 
returned to the sys- 
tem as primary make- 
up. Two 3000-gal re- 
tention tanks receive 
waste water from all 
potentially contami- 

nated drains 


Treatment of Primary System Water 


Additives to reduce 
oxygen content 


Handling of radiolytic 


gases 


None; however, the 
amount of free oxygen 
is reduced by recom- 
bination as described 
below 

Radiolytic (decomposi- 
tion) gases formed in 
the reactor are car- 
ried over to the steam 
generators. They are 
removed at the lower 
channel section of the 
steam generator and 
piped to a recombiner 
system. About 3 scfm 
of Hz and Op», carried 
with a small quantity 





Purity specifications 


Ion exchangers 


Monitoring of water 


Fuel Handling 


Expected frequency 


Method of entrance 
to vessel 


Method of handling fuel 
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of steam, will be re- 
combined, exit as 
steam from the re- 
combiner, condense 
in a heat exchanger, 
and then be fed back 
to the primary sys- 
tem. The catalyst bed 
consists of platinized 
alumina balls 

Reactor water is main- 
tained ata specific 
resistance of 1 x 10° 
ohm-cm, equivalent 
to 0.5 to1.0 ppm total 
solids 

Two ion exchangers (one 
in use normally); 12- 
gal/min purification 
water flow; effluent 
specific resistance is 
12 x 10° ohm-cm, pH 
7.0. Resinin cartridge 
is removed for nor- 
mal replacement of 
resin; if highly con- 
taminated, entire ex- 
change unit is re- 
moved 

Radiochemical analysis 
is performed before 
waste water is re- 
leased from retention 
tanks 


Replacement of boron 
rods (in center of fuel 
assemblies) at the end 
of about 320 days. 
Placement of spiked 
fuel assemblies about 
640 days after initial 
startup. Added core 
life foliowing place- 
ment of spiked assem- 
blies is unspecified 

Four 12-in. nozzles in 
head, as well as re- 
movable head for 
operations that cannot 
be performed through 
12-in. nozzles. Re- 
fueling is accom- 
plished with the head 
removed 


Manual, underwater 
handling, using a 








Steam Plant 


Number of turbines 
Type 


Steam conditions 


Feed-water heaters 


Turbine rating 


Reactor thermal 
power 


Superheater thermal 
power 


Gross electrical 
output 
Gross efficiency 


Heat rate 
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grappling tool and 
crane. A minimum of 
8 ft of water is present 
during transfer from 
the reactor cavity to 
the fuel canal to the 
fuel storage well 


1 

Nonreheat, preferred- 
standard, 3600 rpm, 
single-case, condens- 
ing unit with four ex- 
traction points for 
feed-water heating. 
Turbine exhausts to a 
single-pass, divided- 
water-box surface 
condenser 


Normal turbine throttle 
conditions are 850 
psig, 900°F, exhaust- 
ing at 1.5 in. Hg. Sec- 
ondary steam flow is 
225,000 lb/hr, and 
primary steam fiow 
is 258,000 lb/hr 

First two stages: two 
vertical, closed, low- 
pressure, shell-and- 
tube types. Third 
stage: vertical, di- 
rect-contact, deaer- 
ating type. Fourth 
stage: horizontal, 
closed, high-pressure 
type 

20,000 kw at 85% power 
factor; capability of 
23,000 kw; designed 
for 900-psig, 900°F 
throttle conditions, 
exhausting at 1.5 in. 
Hg 


58.2 Mw. Reactor ves- 
sel, shielding, and 
containment shell de- 
signed for future in- 
crease to 116.4 Mw 


Approximately 17.1 Mw 


22,000 kw 


29.3% 
11,600 Btu/kw(e)-hr 





Plant Arrangement 


The containment building houses the reactor, 
the steam generators, the switchgear, the motor 
control centers, and other auxiliary equipment 
connected with operation of the nuclear plant. 
A personnel air lock with a 5- by 7-ft door, a 
2.5-ft emergency air lock, and an 8- by 10-ft 
freight door provide access to the containment 
building. The reactor control room and turbine- 
generator unit are located in a conventional 
steam-plant building. The coal-fired super- 
heater is located in a separate building directly 
behind the steam-plant building. 


Containment 


The containment building is basically a cylin- 
der with a hemispherical top and ellipsoidal 
bottom (Fig. IV-5). The internal diameter of 
the cylinder is 74 ft, and the total height of the 
building is 115 ft, 18.5 ft of which is below 
grade. A 30,000-gal water storage tank is at- 
tached to the inside upper portion of the hemi- 
spherical top. The inside of the containment 
shell is lined with 24-in.-thick concrete that 
tapers to about 4 in. thick at the upper part of 
the hemispherical top. 


Diameter 74 ft 
Over-all height 115 ft 
Wall thickness: 
Ellipsoidal bottom 0.70 in. 
Cylindrical sides 0.875 in. 
Hemispherical top 0.50 in. 
Portion of hemi- 0.70 in. 


spherical top 
above water tank 
Free volume 
Design pressure 
Basis for design 
pressure 


287,000 cu ft 

21 psig 

Design pressure must 
equal or exceed pres- 
sure produced within 
the container if the 
primary system rup- 
tures and flashing of 
primary water oc- 
curs. Conditions ata 
reactor power of 116.4 
Mwi(t) were assumed. 
No credit is taken for 
shell heat dissipation 
or heat sink repre- 
sented by 24-in. con- 
crete liner and inter- 
nal components 

Pneumatic test 26.25 psig 

pressure 
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Fig. IV-5 General containment-arrangement cross section for the Elk River reactor.! 
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Maximum leakage 0.1% per day at 21 psig 
rate 

Missile protection 2 ft of concrete lining 
inside of cylindrical 
sides and at least 2 ft 
of concrete at all 
points in bottom of 
building; concrete ta- 
pers to 4 in. at the 
30,000-gal storage 
tank 

5- X 7-ft personnel air 
lock; 2.5-ft emer- 
gency air lock; 8- x 
10-ft freight door 

250 cables ranging from 
1 to 14% in. in di- 
ameter. Standard 
conduit fittings, which 
contain a neoprene 
bushing compressed 
around the cable, are 
used. Holes in the 
containment vessel 
are tapped for the fit- 
tings. The cables run 
through a steel box, 
attached to the vessel, 
forming a 3-in. space 
that is filled with 
epoxy resin. One 20- 
in. outside air inlet 
and one 24-in. outlet 
are closed by dampers 
for isolation of build- 
ing. Two vacuum 
breaker lines are used 


Doors and other 
openable 
penetrations 


Other penetrations 


Plant Control 


Twelve of the 13 control rods are used as 
shims, and the 13th is used as a regulating rod. 
All rods are moved manually until the operating 
power level is reached, at which time the 
regulating rod is switched to automatic opera- 
tion. AS burnup progresses, the regulating rod 
is automatically withdrawn. The 12 shims are 
manually positioned at required intervals to keep 
the regulating rod within the proper operating 
range. Primary and secondary steam pressures 
are the two controlled parameters. One control 
loop maintains primary steam pressure at a 
predetermined value, for a given load, through 
the adjustment of the regulating rod. The second 
loop holds a uniform steam pressure at the 
turbine throttle valve by varying the governor- 
valve position.. Coupling between primary and 
secondary systems is effected by introducing 


iis Glad 


A ae aE Masi 


signals into the secondary system whenever the 
primary pressure set point is changed. 


Shielding 


The biological shield around the reactor is 
designed to reduce the dose rate at the outer 
surface of the shield to 2.5 mrem/hr when the 
reactor is operating at 116.4 Mw(t). The thick- 
ness of ordinary concrete needed to meet this 
requirement was calculated to be 9.5 ft; how- 
ever, only 8.5 ft will be installed initially, with 
foundations designed for the additional foot to 
be added if needed. Concrete shielding is pro- 
vided around all possible major sources of 
radioactivity. These major sources were not 
enumerated in reference 1; however, the steam 
generators, purification filters, ion exchangers, 
and water-retention tanks are examples. 


Pathfinder Control Rods 


The Pathfinder Atomic Power Plant of the 
Northern States Power Company will use cruci- 
form control rods, approximately 9 ft long and 
of 10-in. span, composed of 2 per ceri boron— 
stainless steel of '/,-in. thickness. Reference 
4 reports the development of welding techniques 
used to fabricate these rods. 


After an investigation of three basic fabrica- 
tion approaches, the approach selected was to 
weld two flat plates to a third flat plate, as 
indicated in Fig. IV-6. The operating condi- 
tions of the control rod subject it to flowing 
steam and water at 500°F and 600 psi, to 
impact and shock loads, and to wear, which are 





Boron-Stainless Steel 


Fig. IV-6 Cross section of Pathfinder control rod 
(not to scale). 
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associated with its normal motion and scram 
operation. The tolerances necessary to ensure 
free motion in the control-rod guides are rela- 
tively close. The investigation indicated that 
these requirements could best be met by the use 
of a manual metal arc-welding process, using 
a coated electrode (°4,-in.-diameter type E308- 
16), while the pieces were held in a very rigid 
jig to preserve correct alignment during weld- 
ing and cooling. Since the operating stresses 
on the rod are not large, intermittent welds 
were used. Tests of the welds showed adequate 
tensile strength; when fracture occurred it was, 
in all cases but one, in the base metal rather 
than in the weld. Dimensional inspection analy- 
sis showed that the rod assembly was held well 
within the specified tolerances. Maximum bow 
and twist in the 9-ft lengths were less than 
1), in. The maximum angularity deviation be- 
tween blades was held to within +'/,°. 

The reference’ states that control rods that 
are fabricated in this way are now in use at 


the Allis-Chalmers Critical Test Facility and 
are to be specified for the Pathfinder plant. 
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Beryllium 


Interest has been maintained in beryllium metal 
since the earliest days of nuclear-reactor 
development. Although the metal has served 
successfully as a moderator material, its utili- 
zation as a fuel-element cladding has been pre- 
vented by the following considerations: 


1. Unsatisfactory mechanical properties, 
particularly the lack of ductility at room tem- 
perature, which results in elongations of less 
than 2 per cent, 

2. Possible lack of corrosion resistance to 
conventional reactor coolants 

3. Susceptibility to radiation damage 

4. High cost and toxicity 

5. Lack of satisfactory fabrication methods 


However, the potentialities of beryllium are so 
great, primarily because of its low neutron- 
absorption cross section, that strenuous efforts 
are being made toward the solution of the prob- 
lems presented by the above factors. A general 
review of the metal was given in the September 
1959 issue of Power Reactor Technology, Vol. 2, 
No. 4, page 67. 


Probably the most dramatic recent develop- 
ment is the preparation of single-crystal beryl- 
lium with room-temperature elongations as 
great as 92 per cent. These single crystals 
were prepared (by zone refining) at the 
Franklin Institute.! They show that the ductility 
of beryllium is controlled by certain impurities 
and that the metal itself is not inherently brit- 
tle. Although single-crystal results cannot nec- 
essarily be duplicated readily in commercial 
polycrystalline material, a practical solution 
of the ductility problem now seems more proba- 
ble, and work is continuing at the Franklin 
Institute and at Nuclear Metals, Inc., on the 


48 


problem. Although improvements in mechanical 
properties are certainly desirable, it has not 
been shown that the better-quality beryllium 
now available is inadequate for reactor use. 


Contributing to the difficulty of the problem 
of the mechanical properties of beryllium isthe 
highly anisotropic nature of the hexagonal metal. 
Properties vary more with crystallographic di- 
rection in beryllium than they do in such other 
hexagonal metals as zirconium and magnesium, 
the major difficulty is that, at room tempera- 
ture, slip can take place only onthe basal plane. 
The texture of the metal, therefore, has a 
marked effect on its mechanical properties 
(particularly on ductility) because of -he im- 
portance of basal-plane alignment. Since the 
tube is the most commonly used form for 
power-reactor applications and since tubes are 
most readily made by extrusion—a process 
that usually has a marked effect on texture — 
studies have been made to determine the degree 
of basal-plane alignment caused by variations 
in extrusion techniques. A study reported in 
reference 2 shows that basal-plane alignment 
in an extruded finned tube is nearly the same 
whether the tube is produced by the single 
extrusion of a hot-pressed billet (randomly 
oriented) or from a previously hot-extruded 
(highly oriented) rod. The final tube texture 
depends only on the amount of reduction during 
the final extrusion. This result permits a wider 
choice of starting materials. 

Although considerable effort and some prog- 
ress are apparent in the field of mechanical- 
properties investigation, there is apparently 
no information on the corrosion behavior of 
beryllium in hot water or steam. Corrosion 
results are limited to those developed by the 
British for the CO,-cooled Advanced Gas- 
Cooled Reactor (AGR) and to work at Oak 
Ridge National Laboratory (ORNL) on cor- 
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rosion by the impurities in the helium coolant 
of the Experimental Gas-Cooled Reactor. 

The behavior of beryllium in CO, at 600°C 
and above is not fully understood; it apparently 
is not presently considered by the British to 
be satisfactory in view of their decision to 
employ stainless-steel-clad fuel elements in 
the AGR and to restrict the use of beryllium 
to experimental channel loops. In arriving at 
this decision, progress on fabrication develop- 
ment was considered to be slow but satisfac- 
tory, the irradiation resistance of beryllium 
was considered to be adequate, and the major 
difficulty was considered to be the lack of cor- 
rosion resistance. Recent work’ at ORNL has 
shown that high-carbon (1.6 per cent) beryllium 
goes to “breakaway” behavior in as little as 
16 hr at 700°C in helium that contains 100 ppm 
H,O. Metallographic examination indicated in- 
tergranular attack on the Be,C sites. The re- 
action of carbides with moisture, even in quite 
small quantities, may be one of the mechanisms 
of attack in hot gases. 

Except for the fuel materials, beryllium is 
probably the only reactor material that forms 
gas within the metal lattice under irradiation. 
The volume of helium formed in beryllium by 
the (n,2”) and other reactions is less than that 
of the fission gas released in uranium at the 
same irradiation level, but, under certain con- 
ditions, it is sufficient to destroy the structural 
properties. At low temperatures (500°C or 
below), helium will form only small bubbles in 
the metal lattice. As the temperature increases 
to a 700°C range,° larger bubbles will accumu- 
late by diffusion, and swelling will take place 
up to a 30 vol.% increase at 1000°C. The 
threshold for damage® is around 10” nvt (fast). 
In addition to swelling, the formation of large 
bubbles at the grain boundaries might eventually 
make the metal permeable to gases. Ductility 
decreases’ can be expected in heavily irradiated 
beryllium at higher temperatures (~700°C). 

Despite possible difficulties with texture, as 
discussed above, extrusionis the most attractive 
method for the fabrication of beryllium tubing 
for fuel-element cladding. The high thermal 
conductivity of the metal (42 per cent of that 
of copper) would indicate that, unlike stainless 
steel, an extended-surface beryllium fuel ele- 
ment would have marked advantages in heat 
transfer. A program for the development of 
fabrication methods, conducted by General Nu- 
clear Engineering Corporation,’ had as its 


objective the production of finned beryllium 
tubing to be used for jacketing oxide fuel ele- 
ments in a gas-cooled (CO,) reactor. The tube 
dimensions were 0.500 in. in inside diameter 
and 0.035 in. in minimum wall thickness; the 
12 rounded triangular fins had a helical twist 
of about one-half turn in a 24-in. length and 
were 0.160 in. high. Two methods of producing 
such tubing were investigated by Nuclear Metals, 
Inc. The first, the so-called “filled-billet” 
technique, involves the extrusion ofa cylindrical 
billet through a cylindrical, smooth die. The 
final, finned shape results from the form of the 
beryllium in the billet, which is machined to 
have the same relative shape as the product 
but which has a magnified cross section. The 
spaces between the fins of the billet are filled 
with iron, and the assembly is clad in iron 
before extrusion. Experiments with this method 
were quite successful. The second technique 
was simpler and was found to be superior. 
It employs a ribbed die, and the billet is simply 
a clad, thick-walled, beryllium tube. The finned 
shape is impressed by passage through the ribs 
of the die. It was found possible to produce 
the twist on the tubes during the extrusion by 
giving a slight angle to the ribs in the die. 
A preliminary production run of 200 ft of 
tubing of apparently high quality was produced 
by the method to satisfactory tolerances. Failure 
stresses that were determined by the tube- 
burst technique were as high as 95,000 psi. 

The extrusions that are described above were 
carried out at temperatures in the 1700 to 
1800°F range. A group of extrusion experi- 
ments was also carried out in the “warm” 
range, below 1000°F, at Brush Beryllium Co. 
At this temperature, beryllium may be ex- 
truded without cladding. However, it was not 
possible to produce satisfactory extrusions at 
the lower temperatures because the fins could 
not be fully formed. 

Work at Sylcor on the impact extrusion 
(Dynapak) of beryllium rods produced some 
material that had 100,000-psi ultimate strength, 
50,000-psi yield, and elongations of 10 per cent 
at room temperature in the direction of ex- 
trusion. The fabrication of finned tubing was 
not attempted by this method. 

To summarize, appreciable progress has 
been made, and work is continuing on the prob- 
lems concerned with the mechanical properties 
of beryllium. Less progress has apparently 
been made with beryllium—carbon dioxide cor- 
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rosion investigations, but the extent of the 
radiation-damage problem has been clarified, 
and limiting temperatures and exposures are 
more clearly understood. Work on the fabri- 
cation of beryllium tubing for fuel-element 
cladding has produced promising results. 


Zirconium Alloy 
Pressure Tubes 


The pressure-tube concept permits the con- 
struction of reactors with high operating pres- 
sures without the requirement for large, thick- 
walled pressure vessels and the size and cost 
limitations which such pressure vessels entail. 
Neutron economy dictates, however, that pres- 
sure tubes be built from low-cross-section 
materials. The Plutonium Recycle Test Reactor 
at Hanford will employ pressure tubes of 
Zircaloy-2, operating at a pressure of 1050 
psig at 542°F. The environment will be hot 
pressurized water on the inside and an inert 
gas contaminated with small amounts of water 
vapor on the outside. The work reported in 
reference 8 is concerned with the inspection 
and corrosion testing of 97 of the tubes. 

Wall thicknesses of the tubes were determined 
ultrasonically, and fluorescent-penetrant tech- 
niques were used to find areas that required 
further inspection by immersion ultrasonics 
or radiography. Descriptions of the tests and 
their results are given in detail in the refer- 
erence. All tubes were pickled in HNO;-HF and 
were corrosion tested at 750°F and 100 psi 
for 36 hr. Tubes showing dubious areas were 
repickled after vapor blasting to remove the 
oxide. Of 97 tubes, 89 were sound and satis- 
factory for use after the above corrosion tests 
and other tests. 

The development of pressure-tube reactors 
fosters the desire for zirconium alloys of 
higher strength. Such alloys should, of course, 
retain adequate ductility and corrosion resist- 
ance and should have cross sections approach- 


ing those of the original zirconium. High- 
strength alloys, if available, would also be of 
considerable value for fuel-element cladding. 
Nuclear Metals’ has reported the results of 
efforts to produce such alloys: Heat-treatable 
molybdenum-aluminum alloys that ranged in 
composition from 1 per cent molybdenum—5 
per cent aluminum to 7 per cent molybdenum— 
2 per cent aluminum were investigated, and so 
were two alpha-stabilized alloys that contained 
7 per cent tin and 1.5 and 2.5 per cent alu- 
minum. Room-temperature yield strengths as 
high as 191,000 psi were obtained, but the 
elongations were low (13 to 2.6 per cent). The 
corrosion behavior during six-day exposures 
to 680°F water and to 750°F steam ranged 
from poor to bad. 
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One of the generally recognized economic handi- 
caps under which nuclear power plants pres- 
ently operate is the requirement of a contain- 
ment building that must meet very rigid 
Specifications for leaktightness and usually 
must be capable of withstanding substantial 
internal pressures. Any saving in plant cost 
which can be made through proper choice of 
the containment approach and through economy 
in construction of the containment building is 
likely to be of significant magnitude. It seems 
probable that the optimum approach to con- 
tainment design will vary with the type, power 
output, and location of the reactor and with the 
characteristics of the site. Any new approaches 
that open up the possibility of a wider range of 
construction materials and techniques could 
eventually lead to savings for nuclear plants 
in general. Two recent containment structures, 
that for the Heavy-Water Components Test 
Reactor (HWCTR) and that for the Boiling Nu- 
clear Superheater (BONUS) Power Station, are 
of interest in this respect. Although the two 
plants differ widely in their basic approaches 
to the containment problem, they are similar 
in that both use concrete (suitably coated to 
ensure imperviousness) as part of the con- 
tainment barrier. 


The HWCTR building, shown in Fig. VI-1, 
is cylindrical in shape, is about 117 ft high, 
and is constructed with the lower half below 
grade. The BONUS station, shown in Fig. VI- 
2, employs a hemispherically shaped building 
that is 120 ft high and has only a 37-ft section 
below grade level. Both plants use concrete 
as the primary containment material for all 
subgrade construction. Containment above grade 
is provided by the usual steel envelope that 
is joined to the subgrade concrete structure. 
All items of plant equipment lie within the 
containment building in each plant; however, 


the HWCTR is not an electric power producer, 
and the plant does not contain power-conversion 
equipment. 


HWCTR 


More specifically, the HWCTR is housed! 
within a concrete-and-steel containment vessel 
that is 70 ft in inside diameter and 117 ft 6 in. 
high. The lower 57 ft 6 in. of the vessel lies 
below grade and consists of a prestressed con- 
crete cylinder of 1.5-ft wall thickness and a 
5-ft-thick foundation slab that is 70 ft in diam- 
eter. The upper 65 ft of building height above 
grade is composed of a 29-ft-long cylindrical 
steel shell that is topped by a hemispherical 
dome. The two sections are joined at grade 
level by bolting the mounting flange of the 
cylindrical steel shell portion of the vessel 
to studs embedded in the top surface of the 
lower-segment concrete wall. The building is 
designed for a leakage rate of less than 1 per 
cent of the contained free volume per 24 hr, 
at an initial pressure of 24 psig. 


Originally it was intended! to provide the 
usual sealed all-steel building for the HWCTR. 
However, a_ study indicated that the usable 
volume could be increased and the cost of con- 
tainment could be decreased significantly if a 
reinforced-concrete structure were used. Al- 
though a concrete structure was not expected 
to exhibit the same degree of leaktightness as 
comparable steel construction, the below-grade 
location of the concrete portion of the structure 
was expected to compensate somewhat for this 
lower integrity. Moreover, it was felt that the 
prestressed concrete would be effective in re- 
ducing the size of any postpouring cracks, which 
could cause excessive leakage, and would also 
reduce the thickness required to withstand the 
design pressure. 
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Fig. VI-1 


As a prelude to the actual design of the con- 
crete portion of the containment vessel, the 
following items were investigated: 


1. The concrete mix required to accomplish 
an extensive, monolithic, vertical pour 

2. The most suitable method of depositing 
the necessary depth of concrete within the re- 
stricted work space available 

3. The permeability of thick-cast concrete 
sections and methods for the reduction of any 
excessive gas outleakage encountered 

4. The difficulties associated with concrete- 
building wall penetrations required for piping 
and instrumentation 


As a result of these investigations, a con- 
crete design of medium slump (3'/ to 4 in.) 


Perspective of HWCTR containment building.! 


was selected. It was also shown that placement 
of the concrete could best be accomplished by 
depositing the mix through vertically oriented 
8-in.-diameter rubber chutes, called “elephant 
trunks,” located at 8-ft intervals around the 
periphery of the building. The concrete perme- 
ability tests established that the leakage rate 
through the 18-in.-thick concrete wall, at the 
design pressure of 24 psia, was within the 
specified limits. Furthermore, this leakage 
could be substantially reduced by the applica- 
tion of a 2-in.-thick layer of pneumatic mortar 
to the exterior of the wall and a coating of 
thermal-setting plastic resin (the brand name 
is Liquid Tile) on the interior surfaces. Con- 
sequently these additional precautions were 
taken in the construction. It was also determined 





CONTAINMENT 53 





2 


Til, 








. Steel Dome 

. Foundation Mat 

. Retainer Wall 

. Freight Door 

. Building Spray 

. Polar Gantry Crane 

. Fuel Unloading Coffin 

. Spent-Fuel Storage Pool 

. Solid-Radioactive-Waste Storage 
. Building Ventilation Intake Fan 

. Reactor Pressure Vessel 

. Neutron-Shield Tank 

. Control-Rod-Drive Motor Trench 


St et ee 
wOonrrovwvovmonrouwrwWwhd 


. Turbine-Generator 

. Turbine Shield 

. Condenser 

. Condensate Pumps 

. Evacuator Pump 

. Gland Seal Condenser 

. Reactor Circulating-Water Pump Room 
. Startup Heater 

. Reactor Water-Purification Coolers 

. Emergency Condenser 

. Reactor Pit Water Moat 

25. 
26. 


Removable Concrete Shield 
Fuel Pool Cooling System 


Fig. VI-2 Perspective of BONUS containment building.” 


that the use of impact wrenches to tighten 
building-penetration pipe flanges resulted in 
disruption of the seal between the pipe and the 
concrete. 

The following construction sequence was used 
in the erection of the building: 


1. Placement of the 72 ft 2 in.-OD mat type 
foundation slab 


2. Installation of all interior shielding walls, 
floors, and other concrete structures 


3. Placement of the subgrade containment- 
building exterior walls 


4, Prestressing exterior concrete subgrade 
wall 


5. Application of pneumatic mortar and Bitu- 
mastic No. 50 damp-proofing to exterior surface 
of subgrade walls and backfilling 


6. Erection of steel portion of building and 
attachment to subgrade walls 
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7. Installation of grade-level-finish floor, 
emergency exits, and steel-shell exterior in- 
sulation 


Placement of the concrete for the exterior 
subgrade wall was accomplished in a continu- 
ous pour to eliminate all joints except those 
occurring at the foundation slab and at the steel 
shell, The concrete was poured in 2-ft lifts at 
the rate of 4 ft/hr to prevent overloading the 
forms. The concrete wall was prestressed 
by the use of 39 bands of 1°/,-in.-diameter 
galvanized-steel strand, and each strand was 
sheathed with galvanized steel. The strands 
were stretched to a final net stress of 104,500 
psi between welded-steel-plate pilasters lo- 
cated at 90° intervals around the wall. 

Following prestressing, the exterior surfaces 
of the subgrade containment wall were coated 
with a 2-in.-thick layer of pneumatic mortar 
to prevent damage to the steel strand and to 
improve the leaktightness of the building. The 
interior surface of the wall and both surfaces 
of the grade-level slab were coated with a layer 
of Liquid Tile primer, a modified high-viscosity 
primer, and a final coat of Liquid Tile surfacer 
No. 1 mix. In addition, a layer of 10-oz fiber- 
glass fabric reinforcing was applied to the 
subgrade containment-building wall following 
the initial primer coat. As a precaution against 
joint leakage, a coating return of 3 ft was pro- 
vided on all abutting concrete walls and floor 
slabs and a 1-in. coating lap was used on all 
embedded steel plates. 

The building has been completed and has been 
successfully pressure tested and leak tested. 
The report! states that the cost of the building 
was only two-thirds that of a comparable all- 
steel structure. As a consequence of the ex- 
perience gained in this construction, the report 
makes the following recommendations: 


1. Erect the subgrade containment-building 
walls and grade slab before the erection of 
interior walls and floor slabs. 

2. Increase the thickness of the subgrade 
containment-building wall to 2 ft 0 in. 

3. Provide piping space between grade-level 
structural slab and finish slab. 

4. Allow ample space between subgrade con- 
tainment-building wall penetrations to facilitate 
concrete placement. 


5. Install reactor prior to completion of steel 
shell. 


6. Consider the use of “sprayed-on” poly- 
urethane insulation for exterior of steel shell. 


7. Use expansion joints at the junction of all 
interior walls and floor slabs with the subgrade 
containment-building wall or provide independ- 
ent support for these items to minimize the 
danger of cracking of the containment-building 
wall. 


8. Use pregreased, prestressed cables. 


BONUS 


The BONUS-plant containment building? con- 
sists of a concrete foundation slab that is 182 
ft in diameter and capped by a steel dome that 
is 166 ft 8 in. in diameter at the base and 109 
ft 2‘, in. high. The lower 26 ft 4'/, in. of the 
dome length is a cylindrical section that rests 
upon the foundation slab and extends upward to 
about 3 ft above grade level. The remaining 
82 ft 10 in. of height approximates a hemisphere 
in shape and is welded to the top edge of the 
cylindrical section. The below-grade segment 
of the shell is protected against earth-fill side 
thrust by a tapered concrete retaining wall that 
is located upon the foundation slab, at its pe- 
riphery, and extends about 3 ft above grade 
level. Except for that area which lies directly 
beneath the reactor and fuel-storage facilities, 
the foundation slab is overlaid with a layer of 
sand, about 18 in. thick, topped by a 6-in.-thick 
basement floor slab. The sand-filled space is 
used for the routing of permanent plant piping 
and electrical conduit. The building is de- 
signed for an internal pressure of 5psigand for 
a maximum outleakage of 0.2 per cent of the 
building volume at the maximum expected pres- 
sure of 4.3 psig. 

The BONUS containment building differs from 
existing power-reactor containment structures 
in that (1) it houses the entire power plant, 
including all auxiliary systems; (2) it is de- 
signed for comparatively low pressures; and 
(3) it is constructed mostly above grade. Item 
3 is a consequence of the high water table exist- 
ing at the plant site. The low design pressure 
results from the relatively large volume, which 
is a natural consequence of housing the entire 
plant within the single building. The decision 
to enclose the entire plant instead of only the 
reactor and reactor-related systems was based 
upon considerations of both safety and economy. 

As in the case of the HWCTR building, careful 
consideration was given to the question of the 





CONTAINMENT 55 


permeability of the concrete. This problem is 
somewhat reduced because of the low maximum 
internal pressure (~5 psig), which reduces the 
difficulties of achieving a satisfactory seal and 
decreases the leakage rate through a given 
opening. In order to determine the extent of the 
problem and the possible solutions thereto, a 
research and development program was carried 
out to (1) measure the permeability of concrete 
in this application, (2) find the most suitable 
concrete mixes, and (3) develop a suitable seal- 
ing membrane that could be economically ap- 
plied to the surface of the extensive and seg- 
mented foundation slab. The results of the 
program are given in reference 3. 


The program indicated that, when elasticity 
and self-healing capabilities were considered, 
sealing membranes made of coal tar deriva- 
tives gave the best over-all systems. The 
foundation-slab construction-joint seals were 
made with Jet Careylastic, a rubberized coal 
tar elastic joint sealer normally used in jet 
fuel tanks. The foundation-slab membrane, ap- 
plied over the entire surface of the slab, con- 
sisted of three plies of coal tar pitch, each he 
in. thick, interlaced with two plies of asbestos 
felt. The wall membrane was composed of 
three coats of Bituplastic 33, a coal tar poly- 
mer emulsion. This material was also used as 


a floor membrane under walls and foundations 
that imposed medium to light loads. Water 
glass was used as the membrane under heavy- 
bearing-load conditions. 

The BONUS containment building has been 
erected and has been successfully pressure 
tested and leak tested. During construction the 
surface of the foundation slab was covered with 
water, and the excellent sealing capabilities of 
the resultant water membrane were demon- 
strated. Consequently provisions have been 
included to permit the sand-filled space be- 
tween the floor slab and the foundation slab to 
be flooded with water as a further guarantee 
against gas outleakage in the event of an ac- 
cident. 
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Dresden 


The design characteristics of the Dresden Nu- 
clear Power Station were summarized in the 
September 1961 issue of Power Reactor Tech- 
nology, Vol. 4, No. 4. Summaries of the oper- 
ating experience have recently been given by 
Murray Joslin,! Vice President of Common- 
wealth Edison Company, and by I. L. Wade? of 
Commonwealth Edison and T. Trocki’ of Gen- 
eral Electric Company. Commonwealth Edison 
owns and operates the plant, which was supplied 
by General Electric. 

The Dresden plant first produced power in 
April 1960, reached full output of 192,800 kw(e) 
(gross) in June 1960, and began regular com- 
mercial service in October 1960. The reactor 
was shut down from November 1960 to June 
1961 to permit modifications of the control rods 
and control-rod drives and for inspections. 
From June through September 1961, the plant 
was base loaded; the maximum operating power 
was about 190 Mw(e) on week days and was re- 
duced to 150 Mw(e) in the early morning hours 
and on week ends. During this four-month run, 
the plant load factor was about 80 per cent and 
the reactor availability was 100 per cent. 

The plant was shut down on Oct. 2, 1961, for 
an inspection that was required under its li- 
cense; references 1 and 2 cover the period up 
through the completion of this inspection. Al- 
though the modifications of the control rods and 
control-rod drives required a rather long shut- 
down, they did not represent inherent difficulties 
but rather were representative of the incidental 
difficulties that may be found in the early oper- 
ation of a new and complex equipment installa- 
tion. The problems were corrected, and the per- 
formance of the plant has been quite satisfactory. 
The October 1961 inspection showed that reactor 
components were in excellent condition. All in 
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all, the operating results to date appear highly 
encouraging as an indication of the performance 
to be expected from the reactor inits future op- 
eration and from future boiling-water reactors. 
The general nature of the difficulties with the 
control-rod drives is well known, buta descrip- 
tion in some detail appears to be worth while. 
A diagram of the drive is given in Fig. VII-1.* 
The early difficulties that occurredin November 
1959, during the period of critical testing, in- 
volved three cases of failure of the shear pin in 
the coupling head between the drive andthe con- 
trol rod. Shearing of the pins allowed the rods 
to remain in the reactor, in the shutdown posi- 
tion, when the drives were withdraw An in- 
vestigation revealed that a loose-fitting coupling 
connection between the drive and the rod had 
created a hammer action on the shear pin. The 
trouble was corrected by decreasing the cou- 
pling clearance and by replacing the rolled 
shear pins with solid pins of greater strength. 
The later difficulty was a cracking of the in- 
dex tube (Fig. VII-1) that is the main driving 
member used for moving the control rod. Seri- 
ous cracking was found in five index tubes and 
five guide roller mounts that were distributed 
among eight of the 80 drives; cracking of lesser 
significance was found in nine additional drives. 
Some of the tubes had cracks that were both lon- 
gitudinal and circumferential, and these cracks 
occurred randomly along the entire length of 
the tube. One of the tubes was completely parted. 
After careful investigation it was concluded that 
the failures were characteristic of stress- 
corrosion cracking and that the 17-4 PH stain- 
less steel of the index tubes, which had been 
heat-treated to its condition of maximum hard- 





*Figures VII-1 and VII-2 are reprinted here by per- 
mission from the American Society of Mechanical 
Engineers.” 
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Fig VII-1 Schematic of control-rod drive and con- 
trol blade of the Dresden reactor.” 


ness by aging for 1 hr at 900°F, was suscepti- 
ble to stress-corrosion cracking in high- 
temperature water at applied stress levels down 
to one-sixth of the yield strength. It was also 
found that similar material did not show the 
susceptibility to stress corrosion, even under 
stresses up to and slightly above the yield 
strength, after aging at temperatures in the 
1050 to 1100°F range. In cases where 17-4 PH 
stainless-steel material was required,* the 
difficulty was corrected by replacing the origi- 
nal 17-4 PH stainless-steel parts with parts of 
the same material that had been aged for 4 hr 
at 1100°F. Other parts were replaced by aiter- 
nate materials. In the case of the 17-4 PH stain- 
less-steel replacement parts, the aging was 
done after the fabrication steps had been com- 
pleted; previously some of the parts had con- 
tained high residual stresses due to cold 
straightening after the heat treatment. 





*A discussion of the use of 17-4 PH stainless steel 
for critical reactor components may be found in the 
September 1961 issue of Nuclear Safely, Vol. 3, No. 1, 
page 39. 
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During the inspections incidental to the 17-4 
PH problem, cracking was found in the boron— 
stainless steel control rods. The steel contained 
18 per cent chromium, 12 per cent nickel, and 
2 per cent natural boron. Cracking in the con- 
trol rods was found in the base material in the 
vicinity of the welds that joined the plates to 
form the cruciform shape. It was concluded 
that the cracking was due to a combination of 
residual fabrication stresses and a loss of duc- 
tility in operation as a result of neutron absorp- 
tion. The control rods were all replaced with 
control rods that consisted of boron carbide 
powder encapsulated in an assembly of '/,-in.- 
diameter type 304 stainless-steel tubes. The 
tubes are arranged in a cruciform pattern that 
is sheathed by type 304 stainless steel. The 
replacement control rod is the same size and 
the same shape as the boron-—stainless steel 
rod; it weighs 40 per cent lessandhas a slightly 
greater reactivity effect. 

A further result of the very thorough inspec- 
tion given the Dresden reactor during its shut- 
down for the modifications was the observation, 
by periscope, of several hairline cracks along 
the edge of the fillet welds inthe eggcrate lower 
support grid. This grid is the vertical core sup- 
port member. These cracks are very fine, and 
they appear to have little depth. It was con- 
cluded that the cracks could have occurred 
after “soaking” of the completed structure at 
600°F (to establish dimensional stability). It 
was also concluded that, in their existing con- 
dition, the cracks did not significantly affect 
the functioning of the support structure. They 
are to be kept under observation when the re- 
actor is opened for servicing or refueling.’ 

The first reinspection of the reactor (in Oc- 
tober 1961) showed apparently no change in the 
cracks in the grid plate, and the earlier opinion 
is supported that they are only minor fabrica- 
tion cracks. The inspection also showed that 
the control rods and control-rod drives were in 
excellent condition.! 

The operating experience to date has given 
valuable and encouraging information on reactor 
power control, carryover of radioactivity, equip- 
ment performance, and operating requirements. 

The dual-cycle steam system allows con- 
trolled power changes from 55 to 100 per cent 
of full load without movement of control rods. 
The control of reactor power has thus been ef- 
fected by turbine valve regulation of the sec- 
ondary steam flow rather than by regulation 
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Table VII-1 POWER-PEAKING FACTORS MEASURED 
IN THE DRESDEN REACTOR? 











Value at 
Factor Half power Full power 
Axial 1.6 1.5 
Radial (includes 
intercontrol rod) 1.3 1.35 
Local (corner rod) 1.39 1.39 
Transient and maneuvering 1.25 1.25 
Total 3.6 3.5 





with control rods. Load pickup above 125 Mw(e) 
has been carried out at rates up to 8 Mw(e) per 
minute; the normal rate of pickup is about 5 
Mw(e) per minute. Both generator and turbine 
trip tests have been performed satisfactorily 
with this plant. Turbine trip tests that were 
performed at 150 Mw(e) showed a rise in pri- 
mary pressure of only 20 psia. Trip-off tests 
of two out of the four water-recirculation pumps, 
with the reactor at 75 per cent of full load, 
showed that the core water flow dropped only 
to 70 per cent of full flow. Circulation was 
maintained at a substantial level by natural 
convection in the loops that had inoperative 
pumps. The power output dropped only 8 per 
cent from the initial value. 

The stability of the reactor has been demon- 
strated by (1) power oscillation tests, (2) tests 
at 137 per cent of rated primary steam flow, 
and (3) tests at very high core steam contents 
with both natural- and forced-circulation flow. 

Measurements indicate that a substantial de- 
gree of power flattening is afforded by appro- 
priate programming of the bottom-entering con- 
trol rods, in conjunction with the permanent 
radial pattern of void distribution that is de- 
termined by a set of fixed orificesinthe coolant 
channels. The power-peaking factors in the re- 
actor at full power and at half power are given 
in Table VII-1. It is stated that the in-core ion- 
chamber system is of considerable value in 
arriving at control-rod programs that minimize 
power peaking. The system comprises 16 axial 
strings of miniature ion chambers ('/, x 2 in.); 
each string contains four chambers. 

Measurements and observations to date have 
indicated negligible carryover of activated solids 
into the turbine; separation factors for radio- 
active solids from the reactor to the steam are 
indicated to be in the order of 10‘ to 10°. At full 
power the specific activity of the water at the 


core outlet is 3 x 10° dis/(cm*)(sec); owing to 
the difference in density, the specific activity of 
the steam is lower by a factor of about 20. This 
activity, due principally to N*, decays signifi- 
cantly in transit to the turbine because of over- 
sized primary steam iines. Radiation levels 
around the turbine are shown in Fig. VII-2. In- 
spectors have entered the low- and intermediate- 
pressure sections of the turbine casings without 
contamination; similar experience has been en- 
countered with the condenser and the hotwell. 
Measurements of activities of corrosion prod- 
ucts in the recirculating reactor water have 
indicated that the longer-lived corrosion prod- 
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Fig. VII-2 Radiation levels (in mr/hr around Dres- 
den turbine-generator at full-power operation.” 
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Table VII-2 SUMMARY OF WATER CONDITIONS 
IN THE DRESDEN REACTOR? 





Feed water Reactor water 





Conductivity, umhos 0.10 0.25 
Average pH 7.2 6.9 
Chloride, ppm <0.010 <0.014 
Total iron, ppm 0.035 0.022 
Total copper, ppm 0.017 0.010 
Oxygen level, ppm 0.005 ~0.25 





ucts (Cr*!, Fe’, Co™®, and Co’) are behaving 
as in other water-cooled power reactors with 
respect to general activity levels and growth 
rates. An additional corrosion product (Cu®*) 
shows up from the copper-nickel alloy tubes 
in the primary feed-water heaters. Typical 
conditions of the feed and reactor water, as 
maintained by the full-flow feed-water deminer- 
alizer and the bypass demineralizer on the re- 
circulating water, are given in Table VII-2. 

The discharged gaseous activity from the 
stack has been far below the continuous limit 
of 0.70 curie/sec. Nitrogen-13 has been the 
principal activity measured in the off-gas; the 
activity has been about 500 uc/sec at full re- 
actor power. The levels of fission gases that 
were measured in the stack have also been 
low, amounting to approximately 100 uc/sec 
during early operation. This activity was at- 
tributed to uranium contamination on the sur- 
faces of the fuel elements. A small increase in 
the level, which occurred during later opera- 
tion, may indicate leakage from fuel elements 
or from an in-core ion chamber. The fission- 
gas activity has been noted to respond to the 
motion of certain control rods; this observation 
agrees with previous experience in the Experi- 
mental Boiling-Water Reactor (EBWR) and indi- 
cates that it may be possible to narrow the 
search for suspected leaking fuel to within a 
small region of the core. 

The plant performance and the experience 
with plant equipment have generally been good. 
The station delivers the design gross output of 
192,800 kw and a net output of 184,000 kw, some 
4000 kw higher than the design value. The plant 
heat rate is 11,090 Btu/kw-hr (net) at condenser 
pressure of hr in. Hg. The canned-rotor pumps 
for primary-system water recirculation have 
performed satisfactorily during all operations. 
The reactor vessel head has been removed and 


reinstalled a number of times without difficulty 
in sealing. Experience with the packed valves 





in the primary and secondary steam system has 
been comparable to that in conventional plants; 
however, maintenance has been complicated due 
to limited accessibility because of radiation. 
The in-core ion-chamber system, which isused 
to take advantage of the power-flattening capa- 
bility within the large boiling-reactor core, has 
proved to be extremely useful. Initially, a high 
rate of failure of the ion-chamber units was ex- 
perienced, however, improved design and less 
handling have resulted in fewer failures. 


The plant operating staff consists of 94 people; 
40 are assigned to plant operation, 14 to me- 
chanical and electrical maintenance, 25 to the 
technical staff, and 15 are management and 
service personnel. The central control room, 
which contains controls for the entire plant, is 
normally attended by only two operators, both 
of whom are licensed. Additional manpower re- 
quired for peak maintenance work is obtained 
from other generating stations inthe area; simi- 
larly, some of the Dresden manpower is loaned 
to other stations as required. 


BORAX-IV 


An evaluation of the Boiling Reactor Experi- 
ment No. 4 (BORAX-IV) fuel elements is given 
in reference 3. These elements were not in- 
tended for an extended period of use; however, 
they represent a novel design approach that 
may have some usefulness for other applica- 
tions. The fuel element consisted of a box of 
six plates of extruded X-8001 aluminum. The 
plates were extruded so as to contain eight tubu- 
lar cavities that were connected by the aluminum 
plate. Within the tubular cavities the ThO,-UO, 
pellets were thermally bonded to the cladding 
with lead. 


The elements operated at various times be- 
tween December 1957 and February 1958, and 
they achieved a burnup of 1960 Mwd/ton. After 
a shutdown’ for core revision, activity was dis- 
covered in the water, and it was found that 22 
of the original 59 elements had developed de- 
fects. The cause of failure appeared to be that 
the reactor pressure had collapsed the 2'/,-in. 
tubular free space provided at the end of the 
fueled length. This sharp reverse bending initi- 
ated cracks that had then corroded through dur- 
ing the shutdown. Except for the cracks, no 
other difficulty with corrosion was encountered, 
and other design features of the element, such 
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as the silicon-bonded end closures, operated. 2. I. L. Wade and T. Trocki, Performance and Oper- 
satisfactorily. ating Experience of the Dresden Nuclear Power 
Station, Paper 61-WA-268 presented at the Winter 
Meeting of the American Society of Mechanical 


References Engineers, Nov. 26—Dec. 1, 1961. 
3. C. F. Reinke et al., Metallurgical Evaluation of 
1. M. Joslin, Dresden Up to Now, paper presented at Failed BORAX-IV Reactor Fuel Elements, USAEC 
the Annual Conference of the Atomic Industrial Report ANL-6083, Argonne National Laboratory, 
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The December 1961 issue of Power Reactor 
Technology, Vol. 5, No. 1, contained informa- 
tion on the nuclear instrumentation systems for 
13 power reactors. The purpose of this section 
is to present data on 11 additional power reac- 
tors. Figures VIII-1 to VIII-11 are block dia- 
grams of the systems, and Table VIII-1 sum- 
marizes the salient features of these systems. 
Most of the information was taken from pre- 
liminary and final hazards summary reports. 
Some changes may have been made in some of 
the systems after publication of the summary 
reports, particularly in the cases of the pre- 
liminary hazards summary reports, but never- 
theless it is felt that the data reflect design 
practice in the United States. 


It is shown in Table VIII-1 that there isa 
barely discernible trend to a total of approxi- 
mately seven channels; two cover the source 
range, two cover the intermediate or period 
range, and three serve the dual purpose of 
indicating power level in the full-power range 
and of providing a high-level trip signal for 
reactor protection. Asinthe systems previously 
surveyed, the BF; counter appears to be the 
most popular source range detector. The com- 
pensated ion chamber (CIC) is used without ex- 
ception for intermediate-range operation, 
whereas common practice is again about equally 
divided between the use of compensated and 
uncompensated ion chambers for the power- 
range channels. 


The same divergence in practice in the use of 
the low-level period information, which was dis- 
cussed in the December 1961 issue of Power 
Reactor Technology, Vol. 5, No. 1, is evident in 
Table VIII-1. Although almost without exception 
the low-level period is measured, only about 
half of the designs specify a low-level period 
trip. 
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Block diagram? of nuclear instrumentation system, Portable Medium Power Plant No. 1 (PM-1). 
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Fig. VIII-6 Block diagram® of nuclear instrumentation system, Big Rock Point reactor. 
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Fig. VIII-7 Block diagram’ of nuclear instrumentation system, Boiling Nuclear Superheater (BONUS) 
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LEGAL NOTICE 


This document was prepared under the sponsorship of the U.S, Atomic Energy Commission. Neither 
the United States, nor the Commission, nor any person acting on behalf of the Commission: 


A. Makes any warranty or representation, expressed or implied, with respect to the accuracy, 
completeness, or usefulness of the information contained in this report, or that the use of any in- 
formation, apparatus, method, or process disclosed in this report may not infringe privately owned 
rights; or 

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of 
any information, apparatus, method, or process disclosed in this report. 
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